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ABSTRACT OF THESIS 
The work described in this thesis is primarily concerned with the teratogenic 
effect of histidinaemia in the mouse. Animals subjected to high levels of 
histidine in utero develop inner ear abnormalities and show behaviour typical of 
the "shaker-waltzer' syndrome. 
Embryos from 94 to 111 days of gestation were examined under different 
fixation methods. In embryos fixed in utero, no evidence was found to support 
the hypothesis that the inner ear malformations are a consequence of an early 
neural tube abnormality. In contrast, removal of embryos from the uterus without 
prior fixation was found to induce artefactual neural tube abnormalities through 
squashing and collapse of soft tissues during dissection. There was no suggestion 
that embryos from histidinaemic mothers were more susceptible to such damage than 
those taken from non-histidinaemics. Manganese supplementation of pregnant dams 
was found to produce no amelioration of the otolith defects in affected embryos 
nor any adverse effects on the development of normal ears in normal embryos. 
Two histidinaemic strains of mice exist: the Cambridge and Edinburgh strains. 
Differing selection procedures over the last ten years have resulted in the 
Cambridge strain showing behavioural abnormalities in over 80% of animals while 
the penetrance of abnormal behaviour in the Edinburgh strain has declined to about 
1%. Breeding experiments carried out in the course of this study suggest that the 
differences are largely due to 'differences in the geneti backgrounds within the 
two 'strains which modify foetal susceptibilities to the teratogenic effects of 
high histidine levels 	High susceptibility appears.,--to be dominant over "non" -  
susceptibility. There appeared to be no interaction of maternal histidinaemia 
with the dreher mutation which is considered to induce inner ear malformation as 
a result of an early neural tube abnormality. 
Attempts to raise blood histidine levels in his/+ animals into the histidin-
aernic range in order to study the time of action of histidine proved unsuccessful 
since histidine was rapidly cleared to normal levels. Rates of clearance of 
histidine were found to differ between heterozygotes and normal homozygotes, 
although an initial sharp decline from high levels was found to be similar in all 
three genotypes, probably reflecting the importance of enzymes other than 
histidase in degrading excess histidine. 
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In 1973 a mouse mutant was discovered in a stock de-
rived from wild mice trapped in Peru in 1962. This mutant 
appears to be a homologue of human histidinaemia, an "inborn 
error of metabolism" characterised by very low histidase 
activity (histidine ammonia lyase, E.C.4.3.1.3.) in liver 
and skin (Bulfield and Kacser, 1974). As a result of this 
reduction in enzyme activity large accumulations of histi-
dine and its imidazole derivatives (Fig. 1.1) are found in 
urine, liver, skin, plasma and brain, although no overt 
phenotypic effects are seen (Tables 1.1 & 1.2). 
Murine histidinaemia was found to be due to an auto-
somal recessive gene, designated his (Kacser et al., 1973). 
The his allele has since been shown to be a null allele at 
a structural or regulatory locus for the histidase protein 
and has been mapped to chromosome 10 (Wright et al., 1982). 
his/his animals have less than 5% of normal histidase acti-
vity, resulting in over 20 times normal (+1+) histidine 
levels in tissues. Heterozygotes (his/+) show intermediate 
levels of enzyme activity (approximately 50% of +1+) but 
have almost normal levels of histidine. 
The stock carrying the his mutation also showed a high 
incidence of balance defective animals and had been 
selected for this phenotype before the existence of the 
his allele was known. These balance defective animals 
showed some or all of the following traits: circling be-
haviour, head tilting, deafness, inability to swim, lack 
of disorientation after spinning, poor maze learning and 
a tendency to arch and flex the body when held by the tail. 
Further investigation revealed that affected animals had 
varying degrees of malformation of the inner ear involving 
otoliths, semi-circular canals and cochlea (Kacser et al., 
1973; Khin Mya Mya, 1978). Since the balance defect dis-
appeared on out-crossing to AG/CAM and had a very low 
2. 
TABLE 1.1. 	Tissue levels of histidase, histidine and its 
imidazole characteristics (from Bulfield & 
Kacser, 1974, 1975) 
Liver and brain metabolites are expressed as .irnol/g wet 
tissue. Plasma and urine metabolites are iimol/ml. All 
determinations were by column chromatography and nirthydrin 
or Pauly reaction. 
Histidase activity is expressed as pmol urocanate min 1 1 g 








Histidase 0.013 0.280 0.046 
Histidine 20.9 0.880 23.7 
Ac Histidifle 0.111 0.0082 13.5 
+ lm pyruvate 
lm. 	lactate 0.. 102 0.0069 14.8 
lm acetate 0.017 <0.0044 >3.7 
URINE 
Histidine 0.86 0.04 21.5 
Ac Histidine 3.19 0.11 29.0 
+ lm pyruvate 
lm lactate 1.21 0.07 17.3 
lm acetate 1.29 0.05 25.8 
P LAS MA 
Histidine 3,30 0.115 28.7 
Ac Histidine 0.016 <0.0008 >20.0 
lm pyruvate 
lm lactate 0.012 <0.001 >12.0 
m acetate 0.008 <0.001 > 	8.0 
BRAIN  
Histidine 2.16 0.169 12.8 
Ac Histidine 0,0044 <0.0006 
+ lm pyruvate 
lm lactate 0.0204 <0.0007 >7.3 
lm acetate <0.004 <0.0006 >29.1 
Histamine 1.02 0.548 1.9 







Gene: 	 Autosomal recessive 








Imidazole lactate 17.3 
Imidazole acetate 25.8 
Acetyl histidine 29.0 
Phenistix test + 	(bluish) 
SKIN 










Test for heterozygotes: 
Plasma histidine 	 Not distinguishable 	Not distinguishable 
Histidase 	 Distinguishable (sex Possibly distinguishable 
difference) 
Histidine loading 	 Distinguishable 	 Distinguishable 
L) 
* Data from 7-day-old mice. All other values for 7 week old Adults. 
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incidence in the first few backcrosses to the balance de-
fective stock and since its incidence varied between 
litters from the same mating, Wallace (1970, 1973) had con-
cluded that the behavioural phenotype was controlled by an 
"imperfectly penetrant, recessive gene under non-genetic 
and polygenic control". 
Following the identification of histidinaemia the re-
lationship between the his genotype and the balance defect 
was investigated and it was shown that balance defective 
offspring were obtained only from matings involving histi-
dinaemic (his/his) females, apparently regardless of off-
spring or paternal genotype, and regardless of whether 
these females were normal or balance affected. This 
strongly suggested that a maternal effect was the principal 
cause of the balance defect. By inducing temporary histi-
dinaemia in non-histidinaemic pregnant females by means of 
dietary histidine supplementation it was shown that high 
maternal histidine levels during the second week of gesta-
tion are responsible, directly or indirectly, for the 
developmental abnormalities of the inner ear and behaviour 
(Kacseret_al., 1977). High levels of other amino acids 
have not been found to have this teratogenic action (Kacser 
et al., 1977) and so far maternal histidinaemia is the only 
such genetically determined teratogenic condition known 
in the mouse (Kalter, 1980). 
In many respects, however, maternal histidinaemia is 
more analogous to human maternal phenylketonuria (PKU) 
which results in brain damage in the offspring following 
intrauterine exposure to high levels of phenylalanine and 
its derivatives even though the offspring are heterozygous. 
In his/his mice the plasma histidine concentration is 
about 30 x normal which is comparable to the difference in 
phenylalanine concentration in human PKU (Harris, 1975). 
In human histidinaemia the plasma level is about lOx normal, 
due perhaps to lower dietary intake of histidine, higher 
5. 
renal clearance or increased efficiency of alternative 
pathways and this may reduce the risk of deleterious 
effects. The fact that very few reports exist which des-
cribe the effects of maternal histidinaemia may in itself 
suggest that there is no maternal effect. Neville et al. 
(1971) report that a boy born to a histidinaemic mother 
was normal in all respects up to 41 years. Lyon et al. 
(1974) describe five children born to a histidinaemic woman. 
The mean of the children's IQ scores would normally be ex-
pected to fall close to the mid-parent value but in fact 
was about 20 points lower. Lyon's suggestion that this 
might be related to the maternal histidinaemia remains un-
confirmed; recently Tada et al. (1982) reported that 12 
children of 8 histidinaemic mothers were developing normally. 
Murine histidinaemia, whilst showing a maternal effect 
analogous to that of human PKU, produces no clinical 
effects in histidinaemic mice. Phenylketonuric humans, 
however, suffer severe brain damage unless treated early 
in life with a low phenylalanine diet and early studies of 
human histidinaemics also suggested a possible association 
with mental retardation (Ghadimiet_al., 1961; Neville et 
al., 1971, 1972). Recent studies (Scriver et al., 1983; 
Rosenmann et al., 1983; Coulombe et al., 1983), of cases 
identified either by newborn screening or in the course of 
pathological investigations suggest that the histidinaemic 
condition is benign in the majority of cases. About 1% of 
histidinaemics show some CNS effects (mental retardation 
or behavioural problems); this is similar to the incidence 
in the general population and most cases studied could be 
ascribed to familial low IQ or pre-natal or birth history. 
Coulombe et al. cannot, however, exclude the possibility 
that CNS effects may be correlated with blood histIdine 
levels in the upper part of the histidinaemic range (above 
10004mol/l as compared to below 900mol/1). If confirmed, 
this might suggest the existence of a threshold blood 
RM 
histidine level above which the risk of associated mental 
retardation may be significantly increased. This would 
be consistent with the hypothesis suggested by Neville 
(1971) that the lower levels of histidine in histidinaemia, 
in relation to the levels of phenylalanine in PKU, are res-
ponsible for the reduced risk of abnormality. For the 
present, however, it seems likely that human histidinaemia, 
as in the mouse, produces no overt clinical effects. 
The histidinaemic mouse is thus a useful model of 
human histidinaemia and it has been extensively used both 
to study the biochemical consequences of this disease 
(Kacser et al., 1979a) and to evaluate possible methods of 
treatment of human aminoacidopathies (Powell, 1983). 
Furthermore, except for certain conditions such as 
rubella or the taking of drugs in early pregnancy, there 
are few cases of human congenital deafness with a clearly 
defined maternal or genetic basis. Both maternal effects 
and the relationship of malformations to the action of 
specific genes are notoriously difficult to prove in humans. 
The occurrence in histidinaemic mice of a genetically-
induced specific teratogenic effect offers the possibility 
of elucidating the mechanism by which normal inner ear 
development may be disrupted by a precisely defined alter-
ation in maternal biochemistry. 
Genetics of inner ear abnormalities in mice 
Over 50 genes, scattered over three-quarters of the 
genome, are known to affect the inner ear in mice (Sidman, 
Green and Appel, 1965). Due to obvious bias in favour of 
its detection, the vast majority of these genes produce 
the complex pattern of behaviour known as the "shaker-
waltzet syndrome", which is characterised by a tendency to 
run in circles, jerking movements of the head, hyperactivity 
and abnormal responses to changes in position. Deafness, 
head-tilting and an inability to swim often accompany these 
7. 





ED: endolymphatic duct 
ES: endolymphatic sac 
LC: lateral crista 
LD: lateral semi-circular 
duct 
PC: posterior crista 
PD: posterior semi- 
circular duct 
(redrawn from Deol, 	1976). 
SC: superior crista 
SD: superior semi-circular 
duct 
S: saccule 
SM: saccular macula 
U: utricle 
UM: utricular macula 
features. The large number of alleles at independent 
loci which produce the syndrome is a reflection of the 
complexity of the mechanism or mechanisms underlying it. 
Some of the genes are recessive, others are dominant. Some 
are only known to affect the inner ear and behaviour while 
many show pleiotropic effects on structures such as the 
skeleton or eyes or affect pigmentation or fertility. Some 
genes show full penetrance and expressivity while the ex-
pression of others may be greatly modified by different 
genetic backgrounds. Differences can be seen between 
different shaker-waltzer mutants and even between different 
animals of the same genotype but in all cases the inner 
ear has been found to be affected (Deol, 1974). 
In view of the complexity of the inner ear it may be 
useful to give a brief outline of its structure and develop-
ment before attempting to compare inn er ear mutants with 
the observed teratological effect S of maternal histidin-
aemia. (For terminology see Bast and Arison, 1949; Deol, 
1976; Rugh, 1968). 
Inner ear structure and development 
The inner ear is essentially a series of inter-
connected fluid-filled membranous sacs and ducts known as 
the labyrinth. The walls are made of two layers, the outer 
one being of mesodermal origin and the inner of ectodermal 
origin. On all sides it is surrounded by a bony capsule 
which forms around it during development, faithfully re-
producing the shape of the membranous labyrinth in such a 
way that morphological alterations in the membranous 
structures are almost always reflected in the bony 
structure (Fig. 1.2). 
The bony labyrinth contains two major cavities, the 
vestibule and cochlea, and three semicircular canals, 
situated at about 900 to one another, which enclose the 
semicircular membranous ducts. The bony labyrinth is filled 
with a fluid, perilymph, which circulates between the 
bony and membranous walls and it communicates with the 
arachnoid space of the brain cavity by means of a narrow 
channel, the perilymphatic aqueduct. A similar fluid, endo-
lymph, fills the membranous labyrinth. 
The vestibular portion of the bony labyrinth houses 
the saccule and utricle of the membranous labyrinth, which 
together with the endolymphatic duct and sac and the semi-
circular canals, function in balance and equilibrium. At 
one end of each semi-circular duct is a dilation, the 
ampulla, which contains a ridge of specialised neuroepi-
thelial cells known as a crista. Specialised neuroepi-
thelial layers are also found in the walls of the utricle 
and saccule where they are known as maculae. Maculae and 
cristae share similar functions and structure and all are 
innervated by branches of the Vilith cranial nerve. In 
both structures the neuroepithelial layer contains two 
types of cells: sensory hair cells and supporting cells. 
In cristae the hair cells are embedded in the cupula, a 
gelatinous protein and polysaccharide matrix. Movement of 
the head causes movement of endolymph within the canals 
which is detected by the cristal hair cells. In maculae 
the sensory cells, are covered by the otolithic membrane 
which is a gelatinous mass with many small crystalline 
bodies, the otoliths. Alterations of head position in 
this case cause movement of the otoliths which is detected 
by the hair cells. 
The cochlear part of the bony labyrinth contains the 
spirally-coiled cochlear duct, supported by a central bony 
stalk, the modiolus, which houses the spiral ganglion. 
This is the auditory part of the inner ear, innervated by 
the cochlear branch of the Vilith cranial nerve, and it is 
always found to be abnormal in shaker-waltzer mutants with 
impaired hearing ability. The cochlear duct itself is a 
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vestibuli and scala tympani filled with perilymph and 
the scala media which contains endolymph (Fig. 1.3). In 
cross-section the cochlear duct shows a roughly triangular 
profile with its sides formed by the vestibular (or 
Reissner's) membrane, the basilar membrane and the stria 
vascularis. The organ of Corti is the auditory receptor 
organ and runs along the whole length of the cochlea. 
As in cristae and maculae the sensory receptors are hair 
cells on the surface of the organ, which is covered by a 
peculiar ribbon-like structure of jelly-like consistency 
known as the tectorial membrane. Two types of hair cells, 
inner and outer, can be distinguished and recent studies 
on the mouse mutant bronx-waltzer in which inner hair 
cells are selectively lost suggest that hearing is pre-
dominantly dependent upon inner hair cells (Deol and 
Gluecksohn-Waelsch, 1979). 
The complex structure of the inner ear develops from 
a thickening and invagination of the head ectoderm ad-
jacent to the neural tube. This invagination forms the 
otic pit and in the mouse this occurs at about 8-9 days 
of gestation (g.d.). By 9g.d. invagination is complete 
and the pit closes and becomes detached from the surfce, 
forming an otic vesicle. At about the same time a mass 
of ganglion cells appears in front of the vesicle and 
this develops into the facial-acoustic ganglion complex. 
Around 11-11g.d. the endolymphatic duct elongates away 
from the cochlear duct and mesenchyme extends around the 
otic vesicle, or otocyst. On Day 12. the semicircular 
canals and cochlea begin to form and one day later the 
canals are complete and the cochlea has completed one 
twist. At about 144g.d. true cartilage can first be seen 
in the condensed mesenchyme of the otic capsule, the 
utriculo-saccular duct is reduced and the cochlea is 
further twisted. Meanwhile the acoustic and facial gang-
ha have separated and the acoustic ganglion undergoes a 
series of divisions to give rise to the different branches 
12. 
Figure 1.4. Graphic reconstruction of development of mouse 
inner ear. 
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13. 
of the Vilith cranial nerve which innervate the six 
regions of neural epithelium in the adult ear. By 16g.d. 
the endolymphatic duct has expanded, the cochlea has com-
pleted its 1.75 turns and the otic capsule is extensively 
chondrified. Morphogenesis is essentially complete by 
17g.d. although further slight development and different- 
iation continues until several days after birth (Fig. 1.4). 
Classification of inner ear mutants 
Although so many inner ear mutants have been invest-
igated in mice there is no really satisfactory way of 
classifying them since the mechanism of gene action is 
understood in only a few cases. Following the system used 
by Grfineberg (1956) mutants are generally divided into 
two groups according to whether their effects are "morpho-
genetic" or "degenerative". In general, this arrangement 
distinguishes between genes acting during embryonic life 
and those acting later but at least one gene, rotating, (Deol 
and Dickie, 1967) has both itorphogenetic and degenerative effects. The 
distinction is also blurred by the fact that in the mouse cochlear devel-
opment.begfris at about 13g.d. and contirues up to about 12 days after 
• birth. It is probably better to regard all mutants as "morphogenetic" 
with differing times of onset of major inner ear defects since degener-
ative effects often result fran abnormal development of ear structures, 
especially neural elements (Deol, 1968) (see Table of Mutants in Appendix 1) 
In the degenerative types of inner ear defect develop-
ment and fine differentiation of the inner ear appear to 
proceed normally until a few days after birth. Degener-
ation of various structures, mostly neuroepithelial 
elements, then sets in. The time of onset varies in 
different parts of the ear; similarly the speed of de-
generation also varies. Although important differences 
are observed between them the general pattern of degener -
ation is similar in all mutants: degeneration of the 
cochlear neural elements is followed later by degeneration 
Fig. 1.9- Factors affecting morphogenesis of the 
inner ear 
0 
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of first the saccular, and then the utricular macula, 
resulting in disintegration of the otolith layers. Later 
still, the cristae of the semi-circular canals degenerate 
followed finally by slight effects on the vestibular 
ganglion. 
As might be expected from the complex morphology of 
the inner ear, genes which affect its development can 
cause a wide range of abnormalities depending on the site 
and time of gene action. In some cases the factors con-
trolling morphogenesis appear to be modified or absent, 
resulting in malformation, whilst in other situations the 
normal course of development seems to be arrested at an 
immature. stage so that the inner ear fails to develop 
fully. In general, genes which act early in development 
result in the most severe malformations, affecting the 
widest range of inner ear structures. The earlier an ab-
normality is induced, the more likely it is to affect a 
stage common to several developmental pathways. 
Deve19ntal aspects of the inner ear: I. Factors 
affecting morphogenesis 
Numerous experiments on amphibian and avian embryos 
have demonstrated the importance of the hind brain in the 
development of the otic vesicle (Yntema, 1950; Detwiler 
and van Dyke, 1950; Waddington, 1937). At this stage of'. 
development the hind brain is the dominant inductive in-
fluence and normal development of the vesicle will not 
proceed unless it is in contact with a certain region of 
the medulla. The medulla exerts this influence only on 
presumptive ear ectoderm and if grafted to another part 
of the head it will induce an abnormal ear vesicle. At 
this stage several other factors may interact with the 
otic vesicle, the acoustic ganglion being the most 
important, but it is unlikely that any single factor 







Figure 1.6. Comparison of normal (a) and kreisler (b) 
inner ears. 
1 Membranous labyrinth of adult. 
2 Longitudinal sections of rhombencephalon of 9-day 
embryos. 
3 Transverse sections of rhombenecaphalon of 9-day 
embryos. 
FAG: facial-acoustic ganglion complex 
FN: 	4th neuromere 
NT: neural tube (rhombencephalon) 
OV: 	otic vesicle 
(redrawn from Deol, 1976). 
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of the labyrinth is established it becomes surrounded by 
a capsule of mesenchyme cells, which are believed to 
aggregate as a result of induction by the labyrinth wall. 
Further condensation and chondrification results in the 
formation of the bony labyrinth. There is no evidence to 
suggest that the bony capsule exerts any reciprocal in-
ductive influence on further differentiation of the mem-
branous labyrinth (Deol, 1968) (Fig. 1.5). 
II. Influence of the neural tube 
The abnormalities of several inner ear mutants can 
be attributed to abnormalities of the neural tube. Be-
cause the neural tube exerts its inductive influence at 
a very early stage in the development of the otic vesicle 
such mutants tend to show fairly severe abnormalities. 
The importance of the neural tube is well illustrated by 
the mutants kreisler and dreher. 
Adult, mice homozygous for the recessive kreisler 
allele (kr) show the severest inner ear malformations of 
any inner ear mutant (Fig. 1.6). The abnormalities are 
extremely variable and hardly any two ears are alike in 
detail (Deol, 1964a) . In the most severe cases the inner 
ear is reduced to a series of formless passages so ab-
normal that no part bears any resemblance to the normal 
structure. In the mildest cases recognisable structures 
may be present, though always rudimentary or otherwise ab-
normal. Scattered patches of sensory epithelium of varying 
size and degree of maturity may be found in abnormal 
positions. The size and positions of the acoustic, facial 
and glossopharyngeal ganglia are abnormal and the acoustic 
rarely divides into its normal constituents. The bony 
capsule is malformed and often incomplete, allowing the 
membranous labyrinth to grow out through the gap and 
form a cyst in the cranial cavity or neck muscles. 
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Figure 1.7. 	Comparison of normal (a) and dreher (b) inner ea 
1 Membranous labyrinth of adult 
2 	Transverse sections of rhonibencephalon of 10-day embryos. 
NT: neural tube 
OV: otic vesicle. 
(rrcx 	-çrtn. 	o' t'1b") 
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that the neural tube is abnormal from its earliest stages 
in the region of the otic vesicle. The 4th, 5th and 6th 
neuromeres in the rhombencephalon fail to develop and a 
large, composite neuromere forms in their place. The 
otic vesicle itself occupies an abnormal position fn re-
lation to the neural tube. The cells of the facial-
acoustic ganglion complex, which normally develops in the 
region of the 4th neuromere, fail to form an orderly mass 
and separate the otic vesicle from the neural tube. The 
subsequent development and range of abnormalities of the 
otic vesicle resemble the results of the experiments in 
which otic vesicles have been totally deprived of the in- 
ductive influence of the neural tube (Kaan, 1938; Yntema, 
1950) 
The malformations of the inner ear of dreher (dr) mice 
are less severe (Fig. 1.7). The abnormalities of the adult 
were first described by Fischer (1956). All.parts of the 
labyrinth are clearly recognisable although no part is 
quite normal and the abnormalities are much less variable 
than in kreisler mice, with both ears of an individual 
tending to show symmetrical lesions. All three semi-
circular canals are severely constricted, shortened, or 
dilated and the endolymphatic sac is rudimentary. The 
saccule, utricle and cochlea are imperfectly separated 
and tend to merge into one another and the cochlea itself 
is often shortened and loosely coiled. The neural epi-
thelium of the cochlea is often immature, though maculae 
and cristae may differentiate further. 
Development-of dreher mice was first studied by 
Fischer. (1958), who found that the first abnormalities 
appeared late in the 10th day of gestation when the growth 
of Anson's fold, separating the utricle and saccule, was 
retarded. The abnormalities of the inner ear later in 
development, however, suggested that induction by the 
neural tube might be at fault and when Deol (1964b) 
20. 
reinvestigated dreher embryos he found that the neural 
tube was clearly abnormal long before any effects on the 
otic vesicle became apparent. In 9 and lOg.d. embryos 
the rhombencephalon is diamond- rather than kite-shaped 
when viewed from above and its roof stops short of the 
otic vesicles. While the neural tube is morphologically 
abnormal, its spatial relationship with the otic vesicle 
is normal, unlike kreisler, and this may account for the 
decreased severity of malformations. The fact that dreher 
is associated with a higher incidence of hydrocephalus 
(Bierwoif, 1958) and increases the effects of the neural 
tube mutant brachyury (T) (Lyon, 1961) is consistent with 
the view that the inner ear defects are secondary effects 
of a neural tube abnormality. 
Further confirmation of this view was obtained from 
an investigation of the mutants Splotch () and Loop-tail 
() (Deol, 1966a). In these-mutants the neural tube was 
known to be abnormal before Deol looked for inner ear de-
fects, since homozygotes of both mutants die in utero or 
at birth showing extensive neural tube abnormalities. 
embryos die in utero at 13g.d. (Auerbach, 1954) due 
to a disturbance of the dorsal part of the neural tube and 
the neural crest. Deol found that the inner ear in 
and /+ is abnormal from its first appearance and the 
whole labyrinth develops abnormally. In 	embryos the 
earliest abnormality seen is an open neural tube at 9g.d. 
(Stein and Rudin, 1953). Deol showed that the position of 
the endolymphatic duct is abnormal at 10, 11 and 12g.d. 
and that the cochlea, saccule, utricle and semi-circular 
canals all develop abnormally whenever the neural tube 
fails to close. 
21. 
III. The neural crest and acoustic ganglion 
In several inner ear mutants the neural crest rather 
than the neural tube itself has been implicated as the 
site of the primary abnormality. Amongst its derivatives 
the neural crest gives rise to melanoblasts and ganglionic 
primordia and these mutants often display pleiotropic 
effects on internal or external pigmentation as well as 
on the inner ear (Deol, 1970a). It is of interest to note 
that dreher mice also tend to show white-spotting although 
whether this is a pleiotropic effect of dr or an effect of 
a very closely linked gene has never been established 
(Lyon, 1961). 
The effect of the acoustic ganglion, which is derived 
from the neural crest, can be seen in the mutant Dancer 
(Dc) (Deol and Lane, 1966). In affected embryos abnormal-
ities of the acoustic ganglion clearly precede those of 
the inner ear and the ear abnormalities are restricted to 
regions innervated by the affected part of the ganglion. 
In the mutants piebald-lethal (s 1 ) (Deol, 1967) and 
dominant-spotting (WV)  (Deol, 1970b) it has been demon-
strated that abnormalities of the neural crest precede 
those of the acoustic ganglion and inner ear. 
Otolith deficiencies such as the absence of otoliths 
in pallid (; Lyon, 1953, 19550), muted (mu; Lyon and 
Meredith, 1969) and mocha (mh; Lane and Deol, 1974) which 
also show pigmentary deficiencies, may also originate 
from neural crest disorders. The otoliths are thought 
to be secreted by the maculae, which in turn arise 
through the interaction of otic epithelium and acoustic 
ganglion cells. Any abnormality of the neural crest may 
thus be transferred through its derivatives to cause 
disturbances of other developing systems. 
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IV. Relationship of ear defects and circling behaviour 
The anomalous behaviour of mutants producing shaker-
waltzer syndrome or similar traits may also point to ab-
normalities of the neural tissue. As mentioned above, 
the shaker-waltzer syndrome comprises a number of be- 
havioural traits but not every mutation produces all traits 
and not all animals carrying a particular gene have the 
same behaviour. Since the inner ear functions in equili-
brium, and since it has been found to be abnormal in all 
shaker-waltzer mutants, it has often been assumed that 
the defects in the inner ear are responsible for the ab-
normal behaviour. Similar behavioural traits can, however, 
be seen in mutants with fundamentally different inner ear 
malformations. Shaker-waltzer behaviour can also be in-
duced in normal animals by means of drugs or brain ex-
tirpation experiments which produce lesions in the cere-
bellum or brain stem without any apparent effects on the 
inner ear (Goldin, 1947; Goldin et al., 1948). Conversely, 
extirpation of all or part of the inner ear, whether uni-
lateral or bilateral, does not lead to circling behaviour 
(Lowenstein, 1936; Prosser, 1950) 
Deol (1966b) investigated the mutant kinky (Fu 
which produces a wide range of behaviour and effects on 
the inner ear. He found that, with the exception of ab-
normalities of the cochlea, which are always associated 
with deafness, there was no consistent association of 
inner ear malformations with behavioural traits except 
that animals with severely affected behaviour tended to 
have more severe inner ear abnormalities. Deol concluded 
that the abnormal behaviour was caused by a lesion in the 
central nervous system and that the cerebellum or brain 
stem might be the site of such a lesion. However, since 
all but gross changes in the neural tube or brain are ex-
ceedingly difficult to identify, this hypothesis has not 
been confirmed. If true, Deol's theory would view inner 
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ear defects and shaker-waltzer behaviour as different 
secondary effects of the same early abnormality of the 
neural tube, probably in the hind brain region. The be-
haviour could be accounted for as a result of lesions in 
the brain caused directly by a hind brain abnormality 
whilst the inner ear malformations could be accounted for 
on the basis of the inductive and functional relationships 
of the neural tube, acoustic ganglion and otic vesicle 
during development. 
Maternal histidinaemia: I. Its relationship to morpho-
genetic mutants 
Since inner ear malformations and behavioural anom-
alies in many cases appear to be consequences of early 
abnormalities of the neural crest or neural tube, it re-
mains to be discussed how the effects of maternal histi-
dinaemia fit this pattern. One major difference is that 
in histidlnaemia the defects are induced by the maternal 
phenotype whereas in shaker-waltzer mutants the abnormal-
ities are determined by the offspring's own genotype but 
in neither case is the molecular basis of the abnormality 
known. In this respect, maternal histidinaemia may be 
considered to produce a phenocopy of a "normal", morpho-
genetic-type inner ear mutant. 
After the teratogenic action of high maternal histi-
dine levels had been recognised in mice, dietary treatments 
were carried out which resulted in raised or lowered 
plasma histidine levels in his/his females during pregnancy. 
These treatments revealed that for histidine levels up to 
around 20 times normal (+1+) the incidence of abnormal 
offspring increases with concentration but at higher 
levels the incidence remains constant and never approaches 
100%. There is thus a "saturation level" above which in-
creasing maternal histidine levels do not increase the 
number of affected offspring. These results suggested 
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A) Normal, from +/+ mother 
b) Affected, from his/his mother 
Any one ear may show one or more of the following 
abnormalities: 
Enlarged or distorted cochlea 
& 5. Enlarged ampullae. 
Shortened crus commune. 
Canals thin or misshapen. 
6. Otoliths absent, or thin or large crystals. 
(from Kacser et al., 1977). 
25. 
that the observed abnormalities are not caused by a 
concentration dependent direct action on the development 
of the inner ear but that histidine levels interfere 
with inner ear morphogenesis by an indirect mechanism 
(Kacser et al., 1979b). 
Screening of inner ear mutants for disturbances of 
amino acid metabolism has revealed no such effects (Kacser, 
unpublished) but another situation in which ear defects 
can be produced by the maternal phenotype does exist. The 
mutant pallid () is unusual in that Erway et al. (1966, 
1971) found that a phenocopy could be induced in the off -
spring of normal +1+ female mice deprived of manganese 
during gestation whilst supplementation of the maternal 
diet with Mn during g.d. 11-15 suppressed expression of 
the pallid allele in pa/pa mice, giving offspring with 
normal ears and balance. Schrader et al. (1973) suggested 
that Mn-deficiency affected otolith formation through the 
Mn requirement of enzymes involved in synthesis of sul-
phated mucopolysaccharides. How the pallid allele raises 
the Mn requirements of pa/pa embryos so that pallid and 
normal embryos in the same litter differ with regard to 
otolith development is unclear but seems to be connected 
to abnormalities of pigment cells in the inner ear, thus rein-
forcing the suggestion that neural crest- abnormalities are involved. 
A histological study of the inner ear in 
maternal histidinaernia was undertaken.by Khin Mya Mya 
(1978). Adult ears showed abnormalities of the otoliths, 
utricle, saccule, semi-circular ducts, ductus reuniens, 
endolymphatic sac and cochlea (Fig. 1.8). Reduced numbers 
and abnormal distribution of pigment cells in the ear were 
also observed. No evidence of degenerative abnormalities 
was found when ears of animals from 3 weeks of age and 
upwards were examined. Individual animals and even indi-
vidual ears of the same animal were found to differ in 
the number and severity of structures affected. Except 
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for abnormalities of the cochlea and deafness there was 
no consistent correlation between affected structures and 
behavioural traits although animals with severely affected 
behaviour tended also to have severe inner ear defects. 
About 10% of behaviourally normal animals showed lesions 
in one or several of the above ear structures. 
All the morphological abnormalities seen in adults 
could be detected in sections of embryonic inner ears from 
14g.d. onwards in foetuses subjected to maternal histi-
dinaemia. However, the evidence from nutritionally-
induced histidinaemia indicates that the critical period 
for induction of abnormalities is 7-14 days of gestation, 
before many inner ear structures become clearly visible 
by light microscopy. At 9g.d. only the undifferentiated 
otic vesicle is formed and only by 114g.d. do any identi-
fiable structures appear. This critical period, combined 
with the observation that withdrawal of high maternal 
histidine levels after 14g.d. does not prevent abnormal 
development from continuing, suggests that the effects of 
maternal histidinaemia occur early in the development of 
the otic vesicle and that visible abnormalities later in 
development are a reflection of interference with earlier 
processes. 
A few observations Min Mya Mya, 1978) on foetuses 
taken from his/his mothers at 91 and 11g.d. suggested 
that the site of interference might be the neural tube, 
with inner ear and behavioural abnormalities resulting 
through disturbance of normal inductive events. Some 9 
g.d. foetuses showed slightly open neural tubes, suggest-
ing a delay in the rate of closure, and at 11g.d. some 
foetuses showed abnormalities in the shape of the hind 
brain region. When sectioned, these 11g.d. embryos 
showed no difference in the morphology of the otic vesicles 
when compared to normal embryos but distortions of the 
fore-, mid- and hind-brains were seen. No apparent 
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differences in brain morphology between embryos from 
his/his mothers and controls taken from +/+ mothers were 
seen after 11g.d. The possibility could not be excluded, 
however, that these abnormalities were due to damage 
during dissection since the embryos were dissected unfixed 
from the uteri. Confirmation that early neural tube ab-
normalities are indeed present in embryos from histidin-
aemic mothers would be consistent with Deol's hypothesis 
that inner ear malformations are a secondary consequence 
of neural tube abnormalities. (A more detailed investi-
gation of 9-11g.d. embryos, to be reported as part of 
this thesis, failed to provide such confirmation, however). 
II. Penetrance of the behaviour defect 
One problem encountered in studies of the effects of 
maternal histidinaemia is that, while the his phenotype 
(i.e. the very high concentrations of histidine and its 
derivatives in the absence of histidase) is 100% penet-
rant, the effects on behaviour and the inner ear have 
always shown incomplete penetrance. Expressivity is also 
variable and the degree of abnormality in both the inner 
ear and behaviour may range from very mild to severe,al-
though there is a tendency for both morphological and 
behavioural phenotypes to be affected to a similar degree. 
Furthermore, when the non-inbred. histidinaemic strain 
was first introduced from Cambridge in 1971 the penetrance 
of the balance defect was around 80% and this declined to 
about 7% by 1977 (EDI strain) while the incidence in 
Cambridge (CAM strain) remained high. In Cambridge 
selection for high incidence of the balance defect was 
practised whereas in Edinburgh mice were scored only for 
high or low histidine levels. Thus selection for abnormal 
behaviour was relaxed. These differing selection proce-
dures probably account for the divergence of the two 
strains, since the difference in penetran.ce was shown to 
be under genetic control (see below) 
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Modification of the expression of mutant alleles by 
alteration of the genetic background is a common phenomenon 
and inner ear mutants are no exception. Loop-tail mice 
(/+) were found to show "head-wobbling" on one genetic 
background but no head-wobbling on another although other 
characteristics of the Loop-tail mutation, namely curly 
tails and ear abnormalities, were consistently expressed 
in both strains and the Lp alleles came from the same 
original mutant stock (Wilson and Center, 1977). Morpho-
logical abnormalities of the brain were always observed 
in head-wobbling /+ mice but never in' /+ animals from 
the non-wobbling strain. During recent work on the inter-
action of the mutants fidget (fi) and Splotch (2 
Konyukhov 'and Mironova (1979) transferred Splotch to the 
genetic background of the CC57BR line and found that this 
prolonged the viability of a/Sp embryos which began to 
die on the 18th-19th day of gestation. Previously Sp .  had 
been against a heterogeneous genetic background and /R 
embryos died at 13-14g.d. The mechanisms behind these 
observations of modification of gene expression are unknown. 
In histidinaemia both the Edinburgh (EDI) and Cambridge 
(CAM) strains have very similar histidine levels in his/his 
mice and biochemical tests have shown that foetal blood 
histidine levels are consistently higher than maternal 
levels, yet the difference in penetrance remains. In 
1976 the high-penetrance strain from Cambridge (CAM) was 
re-introduced and crosses between the two strains were 
made to try to elucidate the possible genetic differences 










(Offspring = INT) 
BackcrosseS 
CAM x CAM 72.6 
EDI x EDI 6.6 
CAM x EDI 7.9 
EDI x CAM 6.3 
INT x CAM 58.1 
INT x EDI 13.6 
(from Kacser et al., 1979b) 
Assuming that the two strains are identical at the 
his locus but differ at other loci, the F 1 of the recipro-
cal intercrosses should be genetically identical. The 
maternal genetic backgrounds, however, would be different. 
If, therefore, the difference in penetrance between CAM 
and EDI was due to maternal genetic differences, the 
intercrosses should give the same results as the pure 
maternal strains. In fact, the identical results of the 
reciprocal intercrosses showed that the difference bet-
ween the two strains, was not due to differences in 
maternal intrauterine environment and must be due to 
differences in the susceptibilities of the offspring to 
the same high histidine levels. Since the genetic con-
stitution of the foetuses in both types of intercross 
must be identical and heterozygous for genes in the back-
ground of both strains (CAM/EDI), "high" susceptibility 
(in CAM) must be recessive to "low" (in EDI). The back-
crosses. showed that susceptibility loci segregate but 
failed to demonstrate how many loci might be involved 
Min Mya Mya, 1978). 
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Possible mode of action 
The nature of such modifying or "susceptibility" genes 
is unknown but since high maternal histidine levels appear 
to induce a phenocopy of the shaker-waltzer genes in their 
presence, it could be that the "susceptibility" alleles 
are "mild" alleles of a "normal", highly penetrant, morpho-
genetic-type inner ear mutant. Such an allele would cause 
no overt abnoriralities when subject to normal metabolic 
conditions. Similarly, in the absence of the susceptible 
genotype, high maternal histidine levels would be unlikely 
to induce any teratogenic effects. Any disturbances 
caused by the susceptibility gene or histidine levels, 
possibly in the neural tube, would be within the normal 
range of variation or "buffering". With the susceptible 
genotype in the presence of maternal histidinaemia the 
normal buffering would be disrupted and slight changes 
in the early stages of the inductive chain might result 
in gross malformations. 
Object of the present study 
At the outset, the broad aims of the present study 
were to elucidate the nature of the teratogenic effect 
and to investigate the genetics of susceptibility to it. 
Consequently, the work to be reported in this thesis 
falls into two major parts. 
Firstly, further investigations into the nature of 
the teratogenic effect of maternal histidinaemia were 
carried out. These comprised: a study of hind-brain and 
neural tube morphology in 9-11g.d. embryos in an attempt 
to confirm or deny the existence of a neural tube ab-
normality; supplementation of histidinaeinic mice with 
manganese during pregnancy; and supplementation of non-
histidinaemic mice with histidine in order to induce 
temporary histidinaemia and determine more precisely the 
time of action of histidine and/or its imidazole 
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derivatives. In turn, the histidine supplementation 
experiments led to an investigation into histidase acti-
vity and rate of clearance of . a histidine load. 
Secondly, the genetics of susceptibility to the tera-
togenic effect and the nature of "susceptibility genes" 
have been further investigated. This involved a series 
of intercrosses between the high penetrance CAM and low 
penetrance EDI strains and a series of outcrosses to 
C57BL and the dreher strain. By studying the interaction 
between histidinaemia and an inner ear mutant it was 
hoped to discover whether. the presence of the mutant 
allele affected the severity or penetrance of inner ear 
malformation and balance defects. In turn, this might 
suggest that a "mild" allele might be responsible for 
susceptibility to maternal histidinaemia. The mutant 
chosen for this purpose was dreher since in many ways 
the reported effects of this gene on the inner ear closely 
resembled those of maternal histidinaemia and Deol (1964b) 




MATERIALS AND METHODS 
Animals 
The mice used in this study .came from four different 
strains: 
C57BL/6 mice came from a random-bred, closed colony main-
tained in Edinburgh. 
Histidinaemic (his/his) mice were obtained from two stocks, 
both of which were descended from wild mice trapped in Peru 
in 1962 (Wallace, 1970): - 
Edinburgh strain (EDt) was first obtained from Dr E.M. 
Wallace (Cambridge) in 1971, when it had around 80% incid-
ence of balance defective offspring and had been selected 
for high incidence of this trait. In Edinburgh selection 
for balance defective animals was relaxed and matings were 
selected only for high incidence of his/his animals. As a 
result the penetrance of the behaviour defect had declined 
to 6% by 1976 and is now around 1-2%. 
Parallel +/+ and his/his EDI lines were derived from the 
original 1971 Peru mice and have been maintained as random-
breeding, closed colonies ever since. 
his/+ mice were produced by crossing +/+ females to 
his/his males and were tested with "Phenistix" (see below) 
as a check on the purity of the +/+ line. 
Cambridge strain (CAM) was maintained in Cambridge by 
Dr Wallace with selection for matings producing a high in-
cidence of balance defective animals. The strain was re-
introduced to Edinburgh in 1976 as a pure his/his stock 
with high penetrance (73%) of balance defective offspring. 
The penetrance currently is around 80-90%. 
Largely as a result of the high incidence of abnormal 
animals however, the CAM strain has always been subject to 
severe problems of breeding and maintenance since deaf and 
behaviourally abnormal females tend to be poor mothers. As 
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a consequence of this, the Edinburgh CAM colony has been 
maintained by random breeding within the stock and by 
frequent importations of mice' from Cambridge. 	Until mid- 
1981 Cambridge-born mice were introduced at the rate of 
about 15 every three to' four weeks. The CAM mice used in 
this study will be designated CAM-J since, as will become 
apparent in Chapter 5, the present CAM strain differs in 
some respects from the strain obtained in 1976. 
The Dreher ('Dr) stock in which the dreher mutation 
was segregating, was obtained from Dr G. Truslove, 
University College, London in 1981 and was derived from 
wild mice trapped in Germany (Falconer and Sierts-Roth, 
1951) 
Dreher offspring (dr/dr) were obtained either from 
+/dr x +/dr or +/dr x dr/drd' matings. Affected ('dr/dr) 
females were not used for breeding purposes as they 
generally fail to give birth or nurse the young (Falconer 
and Sierts-Roth, 1951). It was, however, possible to use 
dr/d_r to obtain embryos, although these 	tended to be- 
come plugged only on rare occasions. 
Behavioural scoring 
Animals were routinely tested at weaning (about: 3 
weeks) and again three weeks later for deafness, leaning 
and circling behaviour. The procedure involved observing 
the animals' behaviour for a few minutes in a clear plastic 
tank. Animals were scored as deaf if no reaction was ob-
served in response to a sudden noise nearby. Though 
crude, this scoring method was found to correlate well with 
later observations on the inner ear. 
Dr animals were also scored for the presence and ex-
tent of white spotting. This usually occurred as a single 
white mark on the belly which ranged in size from a small 
spot to a ventral belt of white fur. White spotting was 
not observed in the Peru strains or C57BL/6 mice. 
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Urine testing 
At 5-6 weeks of age mice were tested for histidinaemia 
by testing urine with ferric chloride reagent strips 
("Phenistix", An-es Co.). The abnormally high concent-
rations of imidazole. derivatives of histidine which are 
excreted in the urine of histidinaeinic mice react with 
ferric chloride to produce a change in colour from yellow 
to grey-green or black. By 5-6 weeks his/his animals 
could almost always be unambiguously detected by this 
method, but younger animals tended to produce insufficient 
urine to wet the reagent strip completely and this gave 
ambiguous results. Animals giving indeterminate results 
were later re-tested with "Phenistix". If any mouse con-
tinued to give a dubious result a blood sample was ob-
tained for amino-acid analysis. 
Embryo preparations 
3 or 4mice were caged together with a single o and 
examined at 9am for the presence of vaginal plugs. Plugged 
were removed and kept in a separate cage until the 
appropriate time for dissection. The morning a plug was 
found was taken to be Day ½ of gestation. Initially mice 
were also examined for plugs at 5pm; however, since these 
were never found, mating was presumed to have occurred 
overnight. 
Pregnant females were killed by cervical dislocation 
on different days of pregnancy and their uteri removed. 
The numbers and positions of embryos and resorbtion sites 
were noted. Up to 12 32- days of gestation (g.d.) most 
litters were fixed in utero in Bouin 's fixative for at 
least 24 hours. Embryos were then dissected out into 70% 
alcohol, scored for external abnormalities and develop-
mental stage and stored singly in 70% alcohol until re-
quired for histological processing. In a few cases the 
uteri were placed in warm saline or Ringer's solution and 
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the embryos were dissected out unfixed. In these cases 
it was found that the uterus underwent spontaneous con-
tractions for 10-15 minutes after removal from the mother 
and embryos were not dissected out until after these con-
tactions had ceased. After examination these embryos 
were fixed in Bouin for 24 hours then stored in 70% 
alcohol. 
In the later stages of gestation embryos were dis-
sected directly into warm Ringer prior to fixation. 
Embryos were checked and decapitated, then fixed by one 
of the following methods:- 
Bouin's fixative for at least 24 hours 
ice-cold 80% alcohol for at least 24 hours. 
Alcohol fixation was used in order to preserve the 
organic matrix and calcium carbonate crystals of otoliths 
since these are reported not to be preserved until 2 days 
after birth following fixation in Bouin, formalin or Susa 
fixatives (Lyon, 19556). However, this method of fixation 
does tend to cause tissue shrinkage and Bouin's preserves 
tissue morphology better, especially of brain and neural 
tissues. 
Histological preparations 
After fixation embryos were dehydrated in alcohols 
and embedded according to the following regime:- 
 70% alcohol 
 70% alcohol 
 90% alcohol 
 95% alcohol 
 Absolute alcohol 













Methyl benzoate run 
under alcohol and 
specimen allowed to 
sink in 	 4 hr 




9 1 -111 g.d. 	171 g.d. 
Paraffin (52 °C 
melting point) 	3 hrs 	 3-6 hrs 
Paraffin (54 °C 
melting point) 	2 changes, 1-11 hrs each 
Specimens embedded 
in 54 °C paraffin 
Sections were cut frontally at 84m for 91-111 g.d. 
embryos and transversely at 10m for 174-181 g.d. specimens. 
Staining methods 
Haematoxylin and eosin (H & E) 
Prior to staining, the paraffin wax was removed by 
immersing the slides in xylene for about five minutes. The 
xylene was then washed off with absolute alcohol and the 
sections were hydrated through an alcohol series to dis-
tilled water. The sections were then stained with Delafield's 
haematoxylin (Raymond A. Lamb) for 1-2 minutes and washed 
in running tap water for 20 minutes before being counter-
stained in 1% aqueous yellow eosin (Gurr Ltd) for 1-5 
minutes. The sections were then dehydrated quickly through 
95% and absolute alcohols, cleared in xylene for upwards of 
3 minutes and mounted in DPX mountant.(Modified from Clayden, 
1948) 
Periodic acid-Schiff's stain (PAS) 
Some of the 171-181 g.d. ear sections were stained 
using the Hotchkiss .-McManus periodic acid-Schiff's re-
action (PAS). This demonstrates polysaccharides and stains 
the cartilages and gelatinous matrices of the developing 
inner ear better than H & E staining. The periodic acid 
oxidises 1-2 glycol groups in polysaccharides which are 
then able to react with and recolourise Schiff's reagent, 
a decolourised solution of basic fuchsin. 
The sections were de-waxed in xylene and hydrated to 
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distilled water then placed in 0.5% periodic acid 
solution for 5 minutes. After rinsing with tap water 
(2 mm) and distilled water (2 mm) the sections were 
stained with Schiff's reagent for. 15-20 minutes. They 
were .then rinsed in 3 x 2-minute changes of a sulphurous 
acid rinse and washed briefly in running tap water. Nuclei 
were counterstained. with Delafield's haematoxylin for 2 
minutes, the sections were washed again with running tap 
water for 15-20 minutes, dehydrated through 95% and absolute 
alcohols, cleared in xylene and mounted in DPX (Modified 
from Gomori, 1952). 
Control slides placed in distilled water instead of 
periodic acid confirmed that the sections contained no sub-
stances which could recolourise Schiff's reagent without 
previous oxidation. 
Whole mount preparations 
In mice of three weeks and upwards ears were examined 
as whole mounts of the bony labyrinth. The advantage of 
this method is that it is relatively simple and quick, and 
enables many more ears to be examined than sectioning 
would allow. The disadvantage is that small abnormalities 
that might appear on detailed examination of sections are 
not seen in whole mount preparations. However, the ab-
normalities seen in whole mounts were found in general to 
correlate well with the animals' previously observed be-
haviour and it was decided that the advantages of speed 
and numbers were more important for the purposes of this 
study. 
Animals used for whole mounts were usually aged 6 
weeks and upwards and had been scored for behaviour twice. 
To prepare whole mounts the method of Lyon (1958) was used. 
Mice were killed with ether, and then decapitated and parts 
of the skull including the labyrinths were dissected out 
and fixed in 70% alcohol for at least 48 hours. After 
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fixation the specimens were macerated in 1% potassium 
hydroxide until the adherent soft tissue became transparent. 
This generally took 2-5 days and the macerating solution 
was changed daily. Specimens were then dehydrated and 
cleared as follows:- 
70% alcohol 	 24 hrs 
90% alcohol 24 hrs 
95% alcohol 	 24 hrs 
1:1 benzyl alcohol:absolute alcohol 	16-24 hrs 
100% benzyl alcohol 	 16-24 hrs 
The cleared inner ears were then dissected out and 
examined under the dissecting microscope. All whole mounts 
were scored against the same control pair of normal ears 
throughout the study and were scored "blind" (i.e. without 
knowing the animals' previous behavioural scoring). 
Manganese supplementation experiments 
Supplementation of animals with manganese was achieved 
by addition of 0.1% manganese chloride to the drinking 
water. This method was first used by Erway et al. (1971). 
Daily measurements of the amounts drunk showed that 
addition of manganese at this concentration had no effect 
on the amount of liquid consumed. 
Histidine supplementation 
To supplement animals with histidine three methods 
were used:- 
Intraperitoneal injection of 0.5m1 10% L-histidine-
HC1 (Sigma) in phosphate-buffered saline (PBS), pH 
7.4. The number of frequency of injections varied 
in different experiments. 
Histidine-supplemented food. Pellets of normal mouse 
food were crushed, mixed with L-histidine-HC1 and 
water and fed as a mash in glass troughs. Fresh food 
was prepared daily. 
39. 
(c) Addition of histidine to drinking water. Mice were 
supplied with a drinking solution containing 2% 
histidine-HC1 and 5% sucrose in tap water. The 
sucrose was used to counteract the bitter taste of 
the histidine solution; preliminary experiments 
showed that animals drank up to 20% less fluid than 
normal when supplied only with histidine solution. 
Higher concentrations of histidine (> 5%) were re-
jected even with sucrose. 
Blood sampling 
Blood samples were taken from mice for measurement of 
histidine levels prior to injections and at varying times 
afterwards, before and during supplementation experiments 
and prior to use of animals for enzyme assays or skin ex-
periments. 
Most blood samples were obtained by cutting approxi-
mately 1/8" off the tail tip and collecting 20 or 4041 of 
blood in a heparinised capillary tube. After collection 
the blood was transferred to a 2m1 plastic tube and 0.2m1 
distilled water was added immediately. This prevented the 
blood from clotting and sticking to the sides of the tube 
and also lysed the cells. 5041 of a 1mol/ml AGPA 
solution (L-a-amino--guanidino-propionic acid, Calbiochem) 
was also added, followed by 5041 of 30% suiphosalicylic - 
acid (SSA) to precipitate the protein. Samples were then 
capped, spun and stored at -20°C until supernatants were 
analysed. 
In experiments which required that animals be sacri-
ficed two other sampling methods were used. Where only a 
small amount of blood was needed for histidine measurement 
4041 of venous blood was obtained from the orbital sinus. - 
immediately after death. This was mixed with distilled 
water, AGPA and SSA as above. 
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Where larger quantities of blood were required the 
cardiac puncture method was •used. The animal was first 
heavily anaesthetised with ether, transferred to a dis-
secting board and kept anaesthetised by placing its head in 
a plastic tube containing a cotton wool pad soaked in ether. 
The thoracic cavity was opened and the heart exposed. A 
needle was inserted into the left ventricle and blood 
collected into a heparinised imi syringe. Up to lml of 
venous blood could be obtained by this method. When no 
more blood could be obtained the aorta was cut to ensure 
that the animal was completely dead. The blood was mixed 
with 1.5 x vol. 9% SSA in a plastic tube, vortexed and spun 
in a bench centrifuge for 15-20 minutes. The supernatant 
was pipetted off and stored at -20°C. 
Skin samples 
Animals were first shaved closely over the whole dorsal 
- surface from neck to tail with an electric razor. This was 
done a few days prior to sacrifice in order to allow 
healing of small nicks, etc. 
After sacrificing the animal the shaved area of skin 
was dissected with scissors and removed to a piece of foil 
on ice. Whole skin was sampled; no attempt was made to 
separate epidermal layers, although some subcutaneous fat 
was removed. The skin was weighed, minced with scissors 
and "homogenised" in 1.5-20 x wt./vol. SSA. The volume of 
SSA varied according to the size of the skin sample; small 
samples were homogenised in larger amounts of SSA in order 
to obtain a large enough volume of sample for amino-acid 
analysis. In all cases the final SSA concentration was 
5-6%. Samples were left on ice for -1 hour between "homo-
genisations" to allow maximum penetration of cells by SSA. 
After a second homogenisation samples were spun for 15-20 
minutes in a bench centrifuge, supernatants were collected 
and stored at -20 °C prior to amino-acid analysis. 
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Amino-acid analysis 
Amino-acids and irnidazole derivatives of histidine 
in blood and skin samples were determined used an exten-
sively modified automated amino-acid analyser. Following 
automated ion exchange column chromatography and reaction 
with ninhydrin, amounts of amino-acids were estimated re- 
lative to AGPA by measurement of absorbtion at 570nm. Use 
of AGPA (a non-naturally occurring amino-acid) as an 
internal standard helped to reduce errors due to variation 
in sample loading and sensitivity. 
Imidazole derivatives were determined by the Pauly re-
action using diazotised suiphanilic acid. Relative amounts 
were calculated by comparison of peak areas with standard 
concentrations, of the pure compounds. 
Enzyme assays: Tissue extraction 
All mice used in enzyme assays were EDI: +/+, his/+ 
or his/his. For preparation of skin extracts mice were 
shaved over the entire dorsal surface on the day before 
sacrifice. Animals were sacrificed by cervical dislocation; 
the livers and skins were removed to pieces of foil on ice, 
weighed and homogenised in 6 x wt/vol. ice-cold extraction 
buffer (0.25M sucrose, 50mM Tris-HC1, 30mM MgCl 2 , pH 7.4) 
Livers were homogenised using 5 up-and-down strokes of a 
glass-Teflon homogeniser, cooling the homogeniser tube 
constantly in ice. Skins were cut into small pieces with 
scissors and "homogenised" using 12 up-and-down strokes 
while cooling the tube with ice. The skin extracts were 
left on ice for a few minutes and the homogenisation pro-
cedure was then repeated. 
The tissue homogenates were then spun at 20,000g for 
30 min at 0°C in a pre-cooled rotor. The clear supernatants 
were transferred to sterile plastic vials and stored at 4 °C 
until assayed. All extracts were assayed on the day of 
preparation. (Modified from Wright et al., 1982). 
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To destroy urocanase activity, part of the liver 
supernatant was heated at 55 °C for 15mm, spun again at 
20,000g for 30 minutes and the supernatant pipetted off 
and stored as above. 
Assays 
Determination of histidine-ammonia lyase (HAL) and 
urocanase activities was based on the spectrophotometric 
method of Tabor and Mehler (1955)which makes use of the 
strong ultraviolet absorption of urocanic acid. 
For HAL, the total assay volume was 1.0ml, containing 
50mM Tris-HC1, pH 9.0, 3mM reduced glutathione, 0.1-50mM L-
histidine-HC1 and 0.05-0.2m1 enzyme extract. The reaction 
was started by the addition of enzyme and a continuous 
assay at 37 °C was used, measuring the increase in absorbance 
at 277nm due to production of urocanic acid. For inhibition 
studies 0.05-0.15mM urocanic acid was included in the assay 
mix. 
Urocanase activity was measured in unheated extracts 
by the same method, replacing histidine with 0.0075-0.15mM 
urocanic acid as substrate and measuring the decrease in 
absorption at 277nm. It is reported (Tabor and Mehier, 
1955) that urocanase is relatively inactive at pH 9 but 
this study found that urocanase activity could equal or even 
exceed HAL activity in +1+ animals at this pH. 
A molar extinction coefficient of 18,800M 1 cm 1 was 
used to calculate the amount of urocanic acid produced or 
degraded. HAL activity was expressed as i.mol urocanic acid 
formed/min/g wet weight. Urocanase activity was expressed 
as 4mol urocanic acid degraded/min/g wet weight of tissue. 
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CHAPTER 3 
POSSIBLE INVOLVEMENT OF THE NEURAL TUBE 
A previous study of inner ear development in maternal 
histidinaemia (Khin Mya Mya, 1978) showed that abnormalities 
could be seen in the inner ears of embryos from 14 12 g.d. 
onwards. All abnormalities in newborn and adult ears could 
be traced back to defects visible at 14 12g.d. Before this 
time no differences could be seen between the inner ears of 
embryos from normal or histidinaemic mothers, probably due 
to the fact that the inner ear structures are in very early 
stages of development and differences are very hard to dis-
tinguish. However, dietary treatments (Kacser et al., 1977, 
1979b) had shown that the period from 7-14g.d. was critical 
for the development of the abnormalities of the inner ear, 
and that the malformations were caused by high histidine 
levels during this time, possibly by an indirect mechanism. 
During this critical period the inner ear develops from an 
otic placode to the stage at which the major features of 
the adult ear can be clearly recognised. This occurs 
largely as a result of the inductive influence of the hind 
brain or medulla and it has been suggested that the inner 
ear malformations in kreisler, dreher and several other 
mutants (Deol, 1964a,b, 1968, 1976) are a consequence of 
faulty inductive relationships resulting from neural tube 
(hind brain) abnormalities. 
In Khin Mya Mya's study a few embryos taken from his/his 
mothers at 9½, 10½ and 1lg.d. showed narrowed hind brains 
and at 9½g.d. 2 out of 26 embryos also showed open neural 
tubes. It was suggested that this might be due to a delay 
in the rate of neural tube closure in embryos subjected to 
maternal histidinaemia and that the abnormalities of the 
hind brain region could reflect a neural tube abnormality 
which might lead to faulty induction of the inner ear. 
In 9 litters taken from his/his mothers approximately 
35% of embryos showed some abnormalities of the hind brain 
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or neural tube whilst no abnormalities were observed in 7 
litters taken from +1+ mothers. When the his/his results 
were grouped according to whether the parental mice were 
from high or low penetrance strains the incidence of ab-
normality was found to be similar in all groups. This, 
however, was less than half of the level that would be ex-
pected in the high penetrance crosses (60-80%) but three 
times higher than expected ("7%) in crosses involving mice 
from the low penetrance strain. This discrepancy was at-
tributed to the relatively small sample observed. 
The majority of these embryos, however, were dissected 
unfixed from the uterus into warm Ringer's solution. Under 
these conditions embryos tend to shoot out of the uterus 
and their protective membranes as soon as the uterine wall 
is opened and the possibility that the observed abnormal- 
ities were dissection artefacts due to squashing or collapse 
of the soft tissues of the embryos could not, be excluded. 
Since no +1+ embryos showed the abnormalities, however, it 
seemed possible that even if they were caused by mechanical 
stress there must be some underlying weakness that made 
embryos from his/his mothers more susceptible to this type 
of damage. 
The aim of the present study was to extend the earlier 
work and, if possible, to produce firm conclusions as to 
the presence and likely cause of the hind brain abnormal-
ities. The work to be reported fell into two parts:- 
comparisons of embryos fixed in utero from EDI and 
CAM-J mothers, 
comparisons of unfixed embryos from +/+ and his/his 
mothers. 
Litters from EDI his/his mothers were used as controls, in 
addition to litters from +/+ females, because EDI embryos 
were known to be virtually non-susceptible to maternal 
hjstidinaemia whilst the maternal intrauterine environment 
in EDI and CAM-J his/his mice was very similar in terms of 
TABLE 3. 1. 	Sunmary of his/his enbxyo results (fixed enbrycs) :- 
Total Total an jy 	no. Neural tube Head Otic .esic1e  
Mother d no. no. no.per sanites/ not  I-- litters-  entrycs litter yo N &(%)... (%) visible (%) closed (%) CAM his/his 9½ 29 199(+3*) 6.97 17.4 188 11(5.5) 189 10(5.0) 32 	(16.1) 147 	(73.9) 20 	(10.1) 
EDI 	/his 9 6 41 6.83 22,6 38 3(7.3) 36 5(13.9) 1 (2.4) 23 	(56.1) 17 	(41.5) 
CAN his/his 10½ 26 155 5.96 28.2 149 6(3.9) 132 23(14.9) 2 	(1.3) 14 	(9.0) 139 	(89.7) 
EDI his/his 10½ 6 45 7.50 33.6 .42 .3(6.7) 35 10(22.2) - 	 . 2 	(4.4) 43 	(95.6) 
CAM 	/his 11½ 13 65 5.0 37.9 63 2(3.1) 62 3(4.6) - 1 	(1.5) 64 	(98.5) 
EDI /his 11½ 6 47 7.83 40+ 43 4(8.5) 41 6(12.8) - 	 . 	 . -. 	 . 47 	(100) 
* 3 eribrycs too damad to score but included in litter size calculation. 
U, 
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histidine levels. Hence, it was hoped, differences in 
intrauterine conditions between the two groups would be 
minimised. 
The CAM-J used were all behaviourally affected and 
were either taken from stock matings after giving birth 
and failing to rear litters or were virgin 9.9 considered 
too behaviourally abnormal to raise litters. EDI*T were 
all virgins with normal behaviour. 	. were mated to o7a'of 
the sane strain and genotype in almost all cases. Embryos 
were obtained from timed matings as described in Chapter 2. 
In all cases embryos were dissected out from their membranes 
and examined using the dissecting microscope. In addition 
to any visible malformations, developmental age was noted 
for each embryo both in terms of length of gestation and 
also in terms of somite number and limb bud development. 
(Two 9g.d. CAN-J litters in which all embryos were too 
retarded to score in terms of neural tube closure or otic 
development have been eliminated from the data: these 
comprised, respectively, 4 embryos + 4 resorbtions, and 3 
embryos + 4 resorbtions, with the most advanced embryos in 
each case containing 8 somites) 
In some litters some or all of the embryos were 
sectioned to look for changes in neural tube and/or otic 
vesicle histology and morphology. 
Results 
The results are summarised in Tables 3.1-6 whilst in-
dividual results can be found at the end of this chapter, 
pp. 63-70. 
In the fixed embryos no consistent differences could 
be observed in hind brain morphology between embryos from 
CAM-J his/his, EDI his/his or EDI +/+ mothers at 9½, 10½ 
or 11½g.d. (Tables 3.1 & 2). 
Similarly no differences could be seen between fixed 
EDI and CAM-J embryos in sectioned material from these 
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TABLE 3.2. Abnormalities seen in fixed enbryos :- 
	 (Ncs. in parentheses are % of total in each colurrn) 
MDther' s genotype CAN 	/his. .. 	EDI his/his 	. 	 ...... EDI -i-F 
Day of gestatim - 	 Total 9½ 10 .ilk  
Total 
9½ 	. . . 10½ 11½ 	. 10½ 
Total no. errbryos 419 199 155. . 	 . 65 .133 45... 	. . 	 47 	. 21  scored 
- 41 ..... 
Total no. 42 	(10.0) 15 	(7.5) 24(15.5). 	. . 	 8 	(4.6). 21 (15.8) 5 	(12.2) 10 (22.2) 6 	(12.8) 2 	(9.5) abnomal 
cpen hind brain 14 	(3.3) 10 (5.0) 4 	(2.6) - 9 	(6.8) 4 	(9.8) 3 	(6.7) 2 	(4.3) - 
kink in neural 2 	(0.5) - 2 	(1.3) - 1 	(0.8) 1 	(2.4) - - - 
tube 
crest cn head 1 (0.2) - 1 	(0.6) - - - - - - 
narrow hind brain 30 (7.2) 9 	(4.5) 18 	(11.6) 3 	(4.6) 7 	(5.3) 2 	(4.9) 5 	(11.1) - - 
"bulging" hind 1 	(0.2) - 1 	(0.6) - 5 	(3.8) - 4 	(8.9) 1 	(2.1) 2 	(9.5) 
brain roof 
whole enbxyo e- 4 	(1.0) 2 	(1.0) 2 	(1.3) - 1 	(0.8) 1 	(2.4) - - - 
fornd 
fork in neural 1 	(0.2) 1 	(0.5) - - - - - - - 
tube 
head continuous , - - - 2 	(1.5) - - 2 	(4.3) - 
with decidua 
"flattened" fore- - - - - 1 	(0.8) - - 1 	(2.9) 
brain (te1n- 
cephalon) .. . 	 ... 
In 
0 
TABLE 3.3. Errbi:yos dissected out of uterus before fixation:- 
Maternal staticn total no. total no. man no. No.normal No.Th or 
Moth ther genotype day litters exrbryos somites/ HB narrow Other abnoimalities 
errbryo 
EDI +1+ 9k 3 18 23.2 5 13 1 spina bifida 1 P-D flattening of head 
EDI his+ 9½ 1 7 19.6 2 5 1 kinked NT 
EDI hii7Iiis 9½ 3 18 . 	 14.8 11 	(41.9) 7 	(58.1) .5 qen NT or head 
CAM his/his 9½ 4 17 	. .16.5. . .9 	(52.9) -8 	(47.1). 1 open.NT ...... 
EDI 	- +1+ -- 10½ 3 27 33.0 11 (40.7) 16 	(59.3) 1 open HB, 1 pointed and flattened head, 1 wavy NT 
CAM his/his 10½ 3 
. 
14. . 	 .30.7 	.... 4 	(28.6). .10 	(71.4). .1.P.D. flattened .bodj 
EDI +1t 11½ 2 12 40+ 3 9 slight collapse of HB c. f. 
fixed errbryos 
EDI his/+ 11½ 1 9 40-I- 5 	(38.1) 4 	(61.9). .2 cons Acted in gut region 
CAM - his/his 11½ 3 15 35.3 10 (66.7) 5 	(33.3) 1 kinked NT 
1 NT open or fore brain 
HB = hind brain; NT = neural tube; Ab = abnormal; P-D = proxiiro-distal. 
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stages in neither brain, neural tube nor otic. vesicle 
morphology, spatial relationship or developmental stage 
(Fig. 3.1). Comparison with sectioned C57BL/6 embryonic 
material from similar stages of development also revealed 
no differences. 
The list of abnormalities observed (Table: 3.2) shows 
that externally visible malformations occurred in about 
10% of all embryos taken from his/his mothers. Narrowed 
hind brains and abnormally open hind brain roofs were the 
most frequent malformations seen in 9-11½g.d. fixed 
embryos. These abnormalities were seen in both CAM-J and 
EDI embryos, but in neither case could the frequency ob-
served here account for the observed incidence of inner 
ear defects within these strains. The apparent higher 
frequency of abnormalities in EDI embryos is probably due 
to the smaller number of embryos examined. 
The results of the fresh (unfixed) dissections (Table 
3.3) clearly show that the narrowed hind brains are due to 
damage during dissection. As mentioned above, embryos at 
these early stages tend to shoot out of the uterus as soon 
as the uterine wall is pierced. To try to prevent this the 
uterus was left in Ringer or saline until it had stopped 
contracting spontaneously (about ½ hour) but this did not 
totally eliminate the tendency for embryos to be extruded 
through small gaps. Embryos at this early stage of develop-
ment are very soft and easily deformed by such mechanical 
pressures. In several cases, in litters from both his/his 
and +/+ mothers, the hind brain collapse could actually be 
observed as the embryo was squeezed out through the opened 
uterine wall. In all cases the narrowing of the hind brain 
in unfixed embryos was more extreme than the few cases which 
occurred in fixed specimens (Fig. 3.2). 
Although only a few litters from each stage were dis-
sected directly into Ringer, the similar frequencies of 
narrowed hind brain in litters from his/his and +/+ mothers 
c). 
V i u 
Lfl 
N) 
I.gure 	Narrowing of hind brain in unfixed embryos 
101 çj.d. litter from +/+ mother (EDI 413.4a11 ), dissected into saline. X 16 
111 g.d. embryos:- 3 fixed in utero, 1 (on right) dissected into saline. X.10 





Drawings (not to scale) of hind brain roof shape in embryos 
normal kite shape 
abnormal diamond shape, in presumed /dr embryo 






do not support the hypothesis that CAM his/his embryos may 
be more susceptible to this type of damage. 
The collapse of the hind brain and narrowing of the 
neck region was in some cases accompanied by a change in 
the shape of the rhombencephalon from kite- to diamond- 
shaped (Fig. 3A) 	Several embryos were found to be slightly 
flattened in the longitudinal plane; this again was at-
tributed to squashing of the soft tissues during fresh dis-
section. Some embryos with narrowed hind brains were 
sectioned; these showed that the heads were flattened(in 
the proximo-distal plane) when compared to sections of 
fixed material. Flattening of the head.. was accompanied by 
narrowing and distortion of the brain ventricles. It 
appeared as though the tissues of the head had remained 
intact whilst the fluid-filled cavities had collapsed. 
Discussion 
One of the reasons given by Khin Mya Mya (KMM) (1978)y 
for attributing the narrowed hind brains in her material 
to a neural tube abnormality rather than dissection damage, 
was that in animals with narrowed hind brains, the thin roof 
of the hind brain (rhornbencephalon) remained intact. It 
might be expected that mechanical deformation of the embryo 
would rupture this thin layer of cells; however, in the 
present study the hind brain roof remained intact in many 
cases, including those in which the collapse of the hind 
brain was directly witnessed. In all cases where the hind 
brain roof was open, narrowing of the hind brain region was 
also observed. 
Deol (1964b) observed in dreher that dr/dr animals 
could be distinguished at 9 days of gestation by the shape 
of the rhoinbencephalon as dr/dr animals showed diamond-
rather than kite-shaped hind brains at this stage. (Deol's 
"Day 9" is equivalent to 9½g.d. in this study, but he gives 
no other indication of developmental stage, although his 
TABLE 3.4. Hind brain roof shape:- 
The nu±ers in this table refer only to caiplete litters which were directly catpaxed with 
presumed dr/dr entryos. 	 ... 
Mothers g.d. 
Total flO. Total no. iJ.lenbrycs 1 -  AbnOrnaleitbrycs cnly2- 
scored  Kite _____Diannid Indistinct Kite Dimcn. ..... .Indistinct _  
Fixed 
EDI +1+ 9½ 2 8 3 (37.5) 4 (50) 1 (12.5) - 1 (25) l(retarded) 
EDI his/his 9½ 1 8 1 (12.5) 3 (37.5) 4 	(50) - 1 (33.3) - 
CAM his/his 9½ 15 111 35 	(31,5) 59 	(53.2) 17 	(15.3) 1 	(2.9) 8 	(13.6) - 
EE1 +/-F 10½ 2 13 12 	(92,3) 1 	(7.7) - - 1(100) - 
EDI his/his 10½ 1 8 8 	(100) - - - - - 
CAM his/his 10½ 19 102 78 	(76.5) 19 	(18.6) 5 	(4.9) 2 	(2.6) 14 	(73.7) 1 (20.0) 
EDI -i-/-f 11½ 2 10 10 (100) - - - - - 
EDI his/his 11½ 3 23 23 (100) - 1 	(4.3) - - 
CAM his/his 11½ 7 38 36 	(94.7) 2 	(5.3) - - 2 (100) - 
Unfld 
EDI +/+ 9½ 4 26 11 	(42.3) 13 (50.0) 2 	(7.7) 2 	(18.2) 13 (100) 2 (100) 
EDI his/his 9½ 3 19 2 	(10.5) 9 	(47.4) 8 	(42.1) - 9 	(100) 
CAN his/his 9½ 4 17 2 	(11.8) 8 	(47.1) 7 	(41.1) 2 	(100) 6 	(75.0) - 
EDI +/+ 10½ 3 27 22 	(81.5) .5 	(18.5) - 	 . 11 (50) 5 (100) - 
EDI his/his 10½ - - - -. - - - - 
CAM his/his 10½ 3 14 11 	(78.6) 3 	(21.4) - 7 	(63.6) 3 (100) - 
EDI +1+ 11½ 2 12 12 	(lCD) - - 9 	(75.0) - - 
EDI his/his 11½ 1 2 - 2 	(100) - 2 (100) - 
CAM his/his 11½ 3 15 10 	(66.7). .5 	(83.3)  5 	(100) 
Nos. in parenthesis are % of total no. of entxs 
2 	11 	 it 	 • 	It 	of 	11 11 each shape. 
01 
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diagrams seem to relate to the more advanced of the 9½g.d. 
embryos observed here).. The diamond-shaped rhornbencephalon 
roof persisted and could be seen in 10-day embryos together 
with indentation of the hind brain region. In litters in 
which dr/dr animals were segregating, presumed dr/dr 
embryos could be detected up to 13g.d. by the shape of 
the head and the indentation in the neck region. Sections 
of these embryos confirmed the presence of neural and otic 
vesicle abnormalities. 
In Khin Mya Mya's material some abnormal animals taken 
from his/his mothers at 9½g.d. were described as having the 
roof of the rhorrbencephalon "like the shape of a spade in 
a pack of cards, rather than like the shape of a kite". In 
the present study a number of animals fixed in utero at 9½ 
g.d. were found to have "diamond"-shaped rhombencephalon 
in contrast to the kite shape (Table 3.4). If this alter-
ation were to reflect a neural tube abnormality, then the 
numbers of CAM-J animals showing such diamond-shaped hind 
brains at 9 32-g.d. (53.2%) could possibly account for the 
observed penetrance of inner ear defects in this strain. 
The incidence of diamond-shaped hind brains decreases by 
10 1, and ll½g.d. so that any effects must be transitory, 
unlike those of dreher. 
Comparison of the developmental stages of these embryos 
showing diamond-shaped hind brains, however, showed that 
most were in the 15-23 somite range. At this stage Rugh's 
(1968) description of normal mouse development clearly 
shows a "diamond"-shaped roof (Fig. 3.4). Diamond-shaped 
roofs also occurred in embryos at this stage taken from EDI 
his/his, EDI +/+ and C57BL/6 +/+ mothers. This is a trans-
itory stage in hind brain development, lasting about ½ day 
and in most embryos the normal kite shape develops. (See 
Table 3.5). Hence embryos showing diamond-shaped hind 
brains were not classed as abnormal unless they were more 
advanced than the 15-23 sorrite range, or showed other ab-
normalities. 
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TABLE 3. 5. "Milestones of 	elcprtent" 
EDI his/his CAM his/his 
Neural tube closed 19 somitas 17 sanites 
approximately 
Hind brain- . qen <15 sartites <17 sorrrLtes 
Otic-not visible <10 sarnites <13 
approximately 
-Fully cpen 20 
Partially open 19 - 25 20 - 26 
-Closed 23 21 
Shape of hind-brain 
 -dianond 20,21 15-23 
- indistinct 21 - 23 19 - 23 
- kite 24+ 23+ 
59 
Figure 3.4 Shape of hind brain roof in 9 1-2-1015 g.d. embryos 
(from Rugh, 1968; not to scale) 
9½ g.d., 13-20 somites 
10 g.d., 21-25 somites 
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TABLE 3.6. Dreher material 
No. Av. no. 
genotype genotype g. d. scored Scanites N Pb Abnormalities 
Dr400/402a 3 +dr +dr 9½ 9 18.3 - 7 2 1 cpen FIB 
2 flattened FIB region 
BDr iF 3.3a 30 4r/gr 4CIN 9½ 3 25.3 1 2 short,"dianond" FIB 
BDr TC2 . 2d31 + 9½ 7 26.4 - 7 1 spina bifida 
......7.dianondflB ....... 
BDr 2F 4. 3a33 dx+ !djr/dr 10½ 5 40+ - 5 DianKnd FIB 
Dr 13.16 11  +d -i-dr 10½ . 	8 .27.8 .5 	. . 	.3 Diantnd FIB 	....... 




In KMN's material no mention was made of the stage 
of development of the animals showing "spade-shaped" 
rhorubencephalon. It is possible that these were either 
artefacts due to the fresh dissection or simply the normal 
transitory diamond stage. 
In the present study a few litters were obtained in 
which dr/dr animals were segregating (Table 3.6). Ab-
normalities of the neural tube as described by Deol were 
clearly, visible in embryos fixed in utero and persisted 
after 9 ½g.  d. A few embryos from Ms/his mothers were found 
which showed similar external abnormalities to dr/dr embryos 
but these were a small minority and could not account for 
the observed high incidence of adult inner ear and behaviour 
defects. 
Although it is difficult to make generalisations-with 
these limited, data, especially since matings were not - 
accurately timed, it would appear that CAM-J embryos may 
develop at a slightly slower rate than EDI embryos in 
similar uterine environments. At all three days studied 
the average number of sontLtes is slightly, though not 
significantly, lower in CAN-J embryos. This may simply re-
flect the fact that fewer EDI litters were examined, but 
even if the difference is real it is hard to see how general 
retardation of embryo development might have specific 
effects on inner ear development such that abnormalities 
can be seen by 1432-g.d. whilst other structures remain 
apparently unaffected. 
In conclusion, these results cannot support the theory 
that gross changes in neural tube morphology precede the 
abnormalities of the otic vesicle in embryos subjected to 
maternal histidinaeinia. The narrowing of the hind brain 
previously observed in embryos from his/his mothers seems 
almost certainly to be a dissection artefact and there is 
no evidence that these embryos are more susceptible to 
hind brain collapse than embryos from ±/+ mothers. These 
62. 
investigations also confirmed that no differences can be 
observed in the early developinentof the otic vesicle bet-
ween "susceptible" CAM-J and "non-susceptible" EDI embryos. 
The results cannot, however, preclude the possibility 
that the primary abnormality remains in the neural tube. 
If this were the case, the defect must be a subtle change 
not easily visualised by light microscopy. It is also 
possible that the cells of the otic vesicle may harbour 
the initial abnormality. Many alterations might adversely 
influence either the inducing ability of the neural tube 
or the inducibility of the cells of the otic vesicle. Such 
changes might affect cell adhesiveness, spatial relation-
ship, ability to differentiate or production of, or response 
to, inducers. 
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TABLE 3.7(a). EDI litters fid in utero 
*son-e or all eirbrycs sectioned 
No. an No. 1euial tthE. iiid sh_ Otic wsicle 
MDther d g. 	. type scored somites N Pb N Ab not ci 
vis- open se 
lb le 
EDI 411. lb 9½ 5 19.2 5 - 5 - 1 3 
If 	486.4drn 3 26.0 2 1 3 - - 2 
EDI 355.3d10* 9½ his/his 7 20.4 7 - 7 - 
- 6 
if 	 I 363 6 24.4 4 2 4 2 1 - 
16 	363.3d33* of  5 21.0 5 - 5 - - 3 
to 	394 	3a-° It " 7 24.0 7 - 7 - 
- 3 
it 	3681a* of 8 238 8 - 6 2 - 3 
it 	397.4a 8 22.0 7 .1 7 1 - 8 
his/his 6 litters 41 22.6 38 3 36 5 1 23 
EDI 413.3a 	10½ 	+/+ 6 30.3 6 - 6 - - - 
It 	396 	3b1 of 8 32.9 8 - 8 - - - 
11 	486.4f3- 	If  7 31.7 7 - 5 2 - - 
EDI 410.5b' 	10½ 	his/his 7 30.6 7 - 7 - - - 
If 	360.6c* of 	 if 9 33.2 9 - 6 3 - - 
If 	355 5a1 7 28.0 5 2 5 2 - 
" 	
33* 	It 8 27.9 
" 
8 - 4 4 - 2 
360.8a 1 of 	 If  8 32.0 
" 
7 1 7 1 - - 
397.4c3 	If 6 31.6 6 - 6 - - - 
45 3D.6 42 3 35 10 - 2 4 his/his 6 litters 
EDI 411.1a 
10 
	1131- 	+/+ 6 40.3 5 - 6 - - - 
If 	406.6d-° " 4 40+ 4 - 4 - - - 
EDI 365.3a 1 	11½ 	his/his 10 40+ 8 2 8 2 
361.6b- " 9 
" 
40+ 9 - 8 1 - - 









348.1 	" 7 40+ - 
393 	3l
If 8 40+ 8 - 8 - - - 
If 	410. 2a 	" 6 40+ . 	 .6 - 6 - - - 




TBIE 3.7b. 9½g.d. CM-J fid litters (/his) 
Mother No. Yean No Nêur1 te Head shape Otic_iesicle 
scored somites N Ab Ab not cpen closed N .  
ibie  
CAM 	64.2a13* .4(+2) 18.0 4 - 4 - 4 - 
70. lfl+3A 4 15.7 4 - 3 1 1 3 - 
67.3a13* 5 190 5 - 5 - - 5 - 
64.1c3 7 7.0 7 - 7 - 6 1 - 
87.2d'°* 6 20.0 6 - 6 - - 6 - 
9Q311* 9 14.3 9 - 9 - - 9 - 
88.2a13* 9 22.1 9 - 5 4 - 6 3 
28.5a3 5(+1) 24.2 5 - 5 - - 1 4 
11.3a3* 4 19.3 4 - 4 . 	 - - 2 2 
111.2a1 3 10.0 3 - 3 - 2 1 - 
115.6a 8 11.3 8 - 8 - 3 5 - 
61.5c10* 6. 17.7 4 2 6 - 1 5 - 
113.5a 6 20.7 5 1 5 1 1 - 5 
BL166.la  9 20.2 9 - 9 - - 9 - 
BL 	165.2c L 9 18.9 7 2 9 - - 8 1 
EL 	168.4a 10 16.3 10 - 10 - 1 9 - 
CAM 115.7b 10 8 5.8 8 - 8 - 8 - - 
3191D1 4 7.8 4 - 4 - 3 1 - 
441.2a3 9 17.4 9 - 9 - 1 8 - 
450.4a 7 17.3 6 1 6 1 1 6 - 
468.1b 1 7 20.3 6 1 6 1 1 5 1 
472.2b 7 22.0 7 - 7 - 7 - 
441. 6b1 8 19.4 7 1 7 1 1 6 1 
454.6a1° 7 17.6 5 2 7 - - 7 - 
441.6a 7 18.0 7 - 7 - 1 5 1 
471.2b 33 9 18.6 9 - 9 - 1 7 1 
521.1f 31 9 21.8 9 - 9 - . 	 - 9 - 
521.1b 1 5 20.4 5 - 5 - - 5 -. 
501.1d10 8 20.9 7 1 7 1 - 	 . 7. .1 
29 litters 199(+3) 17.4 .188 11 - 189 10. 32 147 20 
65. 
T2BIE 3.7c. 	10 g. d. CAM--J fixed litters (his/his) 
ther No. ta-i No. Neural tube Head shape Otic_esIc1e 
scored sczntes 
- N - Th N Ab 
at 
vis- open closed 
thie 
M 	14.4a11*  3 18.0 3 - 3 - - 3 - 
19.1c 3 7 33.2 7 - 7 - - - 7 
65.2a* 8 25.8 8 - 8 - - 1 7 
113.2a3 8 29.6 8 - 5 . 	3 .- - 8 
86.3b33* 7 29.0 7 - 7 - - - 7 
106.1c3 * 7 35.0 7 - 7 - - - . 	 7 
111.1a 6 27.2 6. - 5 1 - - 6 
106.2e 30  7 33.1 6 1 5 2 - - 7 
61.4b10 8 27.8 8 - 8 - - - 8 
112.1b1 3 16.0 3 - 2 1 - 2 1 
61.5d33 3 33.5 3 - 3 - - - 3 
BL 	157.12a 6 25.5 5 1 4 
2 - 7  
166.1c3 6 24.0 6 - 4 2 - 1 	. 5 
CAM 384.1a 7 33.0 6 1 5 2 - 1 6 
436.5a1 9 28.0 9 - 9 - - 1 8 
441.6b1 3 32.0 3 - 3 - - - 3 
483.2a 4 29.0 4 - 4 - - - 4 
480.2b 1 9 30.8 9 - 9 	. - - - 9 
505.2b33 6 25.7 6 - 6 - - 1 5 
472.2a 7 34.0 .7 - 3 4 - 7 
456.4d33 9 27.4 7 2 4 5 - 	 . 2 7 
472.3a3 5 27.4 4 1 4 .1 - 1 4 
460.2b33 6 33.5 6 - 6 - - - 6 
468.2c3 2 19.5 2 - 2 - 1 1 - 
450.4c3 5 27.4 5 . 	 - 5 - - - 5 
451.4a3 4 23.8 4. . - 4 - •1 - 3 
26 litters 155 28.2 149 	1 6 11132 23 2 14 1 139 
TABLE 3.7d. 11½ g. d. CAM-J fixed litters (/his) 
I'bther No. Mean No. Neural .tube. Head shape Oticvesicle 
scored somites 
. closed_  
CAM 	66.2a1 7 38.7 7 - 7 
N ...
- - 7 
22.1c10* 2 38.5 2 - 2 - - 2 
19.2b* 5 37.8 5 - 5 - - 5 
88.1a 2 40.5 2 - 2 - . 	 - 2 
67.,2a11* 6 31.8 6 - 5 1 1 5 
71.2a* 5 36.6 5 - .5 - - 
106.2a 5 38.3 5 - 5 - - 5 
61.5b 2. 41.5 2 - 2 - - 2 
247.1a3 5 36.4 5 - 5 - - 5 
429.1a1 11 40.9 11 - 11 - - 11 
429.1b3 8 . 40.0 8 - 8 - - 8 
424.4b 13 6 35.2 4 2 4 2 - 6 
501.1c 3 1 35.0 1 - 1 - - 1 
13 litters . 	65. 37.9 	. .63 	. 2. .62. 3 	11 1 	. 64 










NIXTCW or (No. 
Abnormal 	Dianond 
HB - 	 Shpe) - 
C57BL/6J 55.3b 3 9½ Bouin 7 21.5 7 	(0) - 	 - 
58 1c3 go it 8 23.0 8 (0) - 
58.1a 'I  5 17.5 5 	(2) - 
C57BL/6J 59.1c 10 10½ 6 29.2 6 	(0) - 
(grcssly Ab) 
33 C57B1/6J 58.5b 11½ 4 40 1 	(0) 3 	(3) 
59.1a1 5 34.2 5 (0) - 
EDI 	411.1b3° 9½ Bouin 5 19.2 5 	(2) - 
486.4d1° I 1 'I 3 26.0 2 	(1) 1 	(1) 
EDI 	486.4f31 1032-  7 31.7 7 	(1) - 
of 	 413.3a 30 11 6 30.3 6 (0) - 
of 	 396.3b1 to  8 32.9 8 	(0) - 
EDI 	411.1a1° 
 ill 6 40.3 6 	(0) - 
406.6d10 " 4 40+ 4 (0) - 











Nrro1i or (No. 
Abnormal 	Diamond 
She) 
EDI 	506.4b 1 9½ unfixed 5 19.5 2 	(0) 3 	(3) 
It 	 506.5a 31 11 7 25.4 1 	(0) 6 (3) 
It 	 506.3b 30 " " 8 30.9 4 	(0) 4 	(3) 
11 	 506.5b U of 6 23.7 2 (0) 4 (4) 
EDI 	412.3a33 10½ 9 302 5 	(0) 4 	(1) 
to 	 412.2a it  10 35.2 3 	(0) 7 	(3) 
if 	 413.4a 11 01 8 33.1 3 (0) 5 (1) 
EDI 	406.6b1 11½ unfied 7 40-i- - 7* 	(0) 
if 	 517.1c 10 I' 5 40-F 3 	(0) 2 	(0) 
* 
slight collapse cf. fied eirbxycs. 
I 
TABLE 3.q 	Enbryos dissected out without prior fixation 
* = 
 
some or all elibrycs sectioned 	FIB = hind brain 	NT = neural tube 
Mdther itetEna1 No. ?'anno. - 'Narrow or Normal 
genotype genotype g. d. errbiycs satLtes Pb FIB Other abnormalities 
FIB  
EDI 397.4c 3 * his/his his/lLis 9½ 5 20.0 4 1 2 NT open on head 
EDI 393.3c3 If If 11 6 12.8 - 6 - 
EDI 393.3a 11 01 of 7 12.9 3 4 3 open NT over HB 
EDI 506 .5b 11 +1+ +1+ of 6 23.7 4 2 - 
EDI 506. 4b1 of 5 19.5 3 2 1 P-D flattened head 
EDI 506,5a31 to " 7 25.4 6 1 1 spina bifida 
ED1424.6b'- 3- /+ /hiS " 7 19.6 5 2 1 kinked NT 
lotals 43 25(58.1%) 18 	(41.9%) 
CAM 115.6a -- LLs/his his/his 9½ 7 12.9 - 7 - 
BL 	179.1a 	+30 " " " 6 20.5 6 - - 
CAM 384 1d-0 " " 1 16.0 1 - - 
CAM 526.1a " " 3 17.3 1 2 1 open FIB & NT below 
otic' 
Totals 17 8 	(47.1%) 9 	(52.9%) 
EDI 412,3a33 +/+ his/his 10½ 9 30.2 4 5 - 
EDI 412.2a * +/+ +/i we 10 35.4 7 3 1 open FIB, 1 pointed, 
flattened head, 1 wavy 
NT 
EDI 413.4a 1 1 " 8 33.1 5 3 
Totals 27 16 	(59.3%) 11 (40.7%) 
TABLE 3. S (Continued) 
maternal paternal . 	No. I'.'eEn no. Narrow or Normal -- 
tvbther notype genotype g. d. 'enbrycG sanLtes 2b HB Other abnormalities 
HB  
CAM 526.1e 30 /his hjPjjis 10½ 3 31.7 3 - 1 P-D flattened body 
CAM 531.2a 5 30.2 3 2 - 
CAM 548. lb1 I' 6 30.5 	•. 4 2 
Totals . 	. 	. .14 ... 10(71.4%) . . 4 (28.6%)... 
EDI 389.2a /his /his 11 2L (5R 32.0 2 - - 
.-. 	 .. .5 - 
EDI 406.6b 1 +1+ /his 11½ 7 
fied).... 
• 7 - 	V slight collapse of FIB 
cf. fixed elTbrycs 
EDI 517. lc +/+ +1+ " 5 >40 2 3 - 
EDI 424.5b1 /+ 9+r . >40 4 5 2 narrow HB, 2 cai- 
stricted in gut region 
Totals . 	21 
- 
. 	. 13 	(61.9%) 8 	(38.1%) . 
CAM 	98.2a . /his his/his 11½ 3 26.3 1 2 1 kinked NT 
CAM 335.1b- ' I' 6 38..2 2 4 1 open NT over fore- 
V brain 
CAM 501.2c I' 6 37+ 2 4 1 HB roof ruptured due 
to.collapse. 







The mutant pallid () when homozygous produces animals 
with reduced pigmentation in hair, eyes and ears and absence 
of otoliths in otherwise normal ears (Lyon, 1953). The oto-
lith defect is manifest by head-tilting and an inability to 
swim. Erway et al. (1966) found that a phenocopy of the 
otolith defect could be induced in the-offspring of normal 
female mice subjected to nutritionally-induced manganese de-
ficiency during gestation. Conversely, manganese supple-
mentation during gestation suppressed the pallid effect such 
that pa/pa offspring of supplemented females had normal oto-
liths and posture. The critical period for supplementation 
was from about g.d. 10-14, the latter part of which coincides 
with the time of otolith formation. This effect of manganese 
supplementation was consistent with Lyon's (1953) observation 
that litter size had a significant effect on the penetrance 
of the otolith defect; she noted that the penetrance in-
creased with increased litter size and suggested that this 
might be due to increased competition for some nutrient or 
other factor whose supply was limited. 
Neither Mn deficiency nor supplementation had any appar-
ent effect on external pigmentation. Manganese is normally 
several times more abundant in pigmented than non-pigmented 
tissues and it has been suggested that melanin may chelate 
Mn (Cotzias et al., 1964). Following electron microscopic 
observations that the absence of pigment in the pallid ear 
was due to the absence of melanocytes, Erway (1971) put 
forward the hypothesis that the presence of melanocytes in 
the inner ear serves as a reservoir of manganese. The ab-
sence of melanocytes means that pallid in effect acts as a 
"spotting gene" on the inner ear and is consistent with the 
involvement of a neural crest abnormality. Erway suggested 
that some pre-melanotic stage of the melanocyte may be 
72. 
critical to the availability of Mn for otolith develop-
ment. Further experiments (Schrader et al., 1973) suggested 
that Mn was required as a co-factor for enzymes involved in 
the synthesis of sulphated mucopolysaccharides in the oto-
lithic matrix. Since deposition of the calcium carbonate 
crystals of the otoliths appears to depend on the integrity 
of the mucopolysaccharide-containing otolithic membrane any 
interference in mucopolysaccharide synthesis could cause a 
failure or alteration of crystal formation. Reduction in 
Mn-containing pigment cells could then be regarded as the 
initial event leading to the failure to form normal otoliths. 
Another mutant which lacks normal otoliths is unbalanced 
(ub; Lyon and Meredith, 1965). Unbalanced (ub/ub) mice 
have a few very large otolithic crystals in each ear but 
totally lack normal otoliths. They show no associated de-
ficiency in pigmentation. Supplementation of pregnant fe-
males with Mn resulted in doubling of the average number of 
otolithic crystals in the ears of ub/ub off spring, with a 
concomitant improvement in swimming ability and degree of 
head-tilting. Despite the increase in otolithic material, 
however, no normal crystals were observed. No hypothesis 
for the increase in otolithic material was put forward. 
Since both otolith abnormalities and lack of pigment-
ation in the inner ear have been reported as part of the 
maternal histidinaemia syndrome (Khin Mya Mya, 1978) Mn 
supplementation was tried on pregnant histidinaemic mice. 
It was, however, felt at the outset of this experiment that 
the variety of defects in the histidinaemic inner ear 
argued for a more fundamental defect which interfered with 
several inductive relationships rather than merely defective 
formation of otoliths; also litter size had been observed 
to have no effect on penetrance. However, since Mn supple-
mentation of unbalanced had resulted in an increase in the 
mean number of crystals in affected animals, it was hoped 
that Mn supplementation might produce some amelioration of 
the otolith defect. 
73. 
TABLE 4.1. 	CAM and EDI litters supplemented with 
manganese 
Mouse Supplementation Total no. No. No.with No. 
period foetuses alive normal normal 
ears otoliths 
cfCAM 319.1s 1° 
CAM 242.2a 7J-141 NP 
CAM 261.2a 1°  61-141 5 5 0 0 
CAM 242.2b 1 6-13 7 + r 7 0 0 
CAM 261 .2b3° 1-171 	 4 	4 	0 	0 
CAM 388.1a 1 1-171 	 5 	5 	0 	0 
CAM 319.1a 	 none 	 6 	6 	1 ear* 	0 
CfCAM 347.1p30 
?CAM 343.1b 1 	 none 	8 + r 	8 	4** 	0 
oEDI 408 . 4p (his/his) 
EDI 395.5a3° 	7 4-14 	 NP 
EDI410.2b 11 	64-14 	 8 	8 	8 	8 
NP = not pregnant 
r = resorbtiai 
* = 1 ear appeared normal, but no otoliths 
** = 4 animals with apparently normal ears but no otoliths. 
74. 
Method 
Pregnant CAM-J his/his were supplied ad lib with 
drinking water supplemented with 0.1% MnC1 2 , either through-
out gestation or from 7-14g.d. This drinking solution was 
found by Erway et al. (1971) to increase otolithic material 
in ub/ub mice and the same level of supplementation in 
food reduced the otolithic defects in pa/pa animals to 
almost zero. 
2 CAM-J? were included as unsupplemented controls 
and an EDI his/his was also supplemented to check that 
this level of supplementation did not cause any teratogenic 
effects in normally developing embryos. 
Water consumption was monitored daily to ensure that 
animals consumed normal amounts of fluid during supplement-
ation. The mean daily intake of MiC1 2 was about 4.5mg per 
mouse. 
Animals were sacrificed on Day 171 or 181 of gestation. 
At this stage the otoliths are fully developed and inner 
ear structures are clearly recognisable. Embryos were re-
moved, decapitated and fixed in ice-cold 80% alcohol. After 
embedding in paraffin, sections of the inner ear were cut 
transversely at 104m and stained by the PAS method. 
Results 
(See Tables 4.1 and 4.2 (pp.77-81)). 
No ear in any CAM-J embryo was completely normal; 
this is within the range of normal variation in this strain 
and does not imply that Mn has a teratogenic effect. A 
few embryos from both supplemented and non-supplemented 
mothers showed normal or slightly abnormal ears but no 
otoliths. One supplemented ear pair showed PAS +ve 
granules above apparently normal maculae but these did not 
appear to form an intact otolith layer nor to be enough 
to form an intact layer. 
Most ears showed PAS +ve material in the lumena of 
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sign of otoliths. The abnormalities observed in both 
supplemented and non-supplemented embryos were similar 
to those reported by KNM (1978). Semi-circular canals 
were either narrowed or of normal diameter with dilated 
ampullae and crus commune. The lumena of utriculi and 
sacculi were generally distended and usually showed no 
intact maculae or only thin macular areas. Most abnormal 
ears showed distension of the cochlear duct (Fig. 4.1). 
There was no difference .in abnormalities between 
supplemented and normal CAM-J animals, nor could any dis-
tinction be made between the two periods of supplementation 
in such a small experiment. There was no indication of 
any adverse effects on the inner ears of supplemented. EDI 
embryos. 
Discussion 
As expected, there appears to be no effect of manganese 
supplementation in maternal histidinaemia, nor any tera-
togenic effect of Mn on normally developing embryos at this 
level of supplementation. There is thus no evidence to 
support the hypothesis that defective "melanocyte-maganese--
mucopolysaccharide synthesis" interactions are responsible 
for the otolith and pigmentary defects in the inner ears 
of embryos subjected to maternal histidinaemia, nor any 
suggestion that manganese supplementation can reduce the 
level of abnormality of the otoliths in otherwise abnormal 
inner ears. The otolith defect in the maternal histidi-
naemia syndrome can thus be considered as one result of a 
general interference with inner ear development at an 
early stage. 
It was felt that these results demonstrated adequately 
that Mn had no effects and did not justify further invest-
igations in this direction. 
TABLE 4.2 Inner ears of M-i -sipp1ented enbrycs 
Abbreviaticns: 	N = normal 
Pb = distended or otherwise abnormal 
D = PPS +'ve debris 
C = ccnstricted 
+ or - = presenoe or absence of normal otoliths 







Camne Utriculus Sacuhs Otoliths Cochlea 
CAM. 343.]b1 	1 ncne N N N D- N 
N N N N D- N 
it 	 2 N N N N D- N 
N N N N D- N 
If 	 3 N Pb Pb Pb D- N 
N Pb Pb Pb D- N 
4 N N N N D- N 
N N N N - N 
If 	 5 N Pb Pb Pb D- Pb 
N Pb Pb Pb D- Pb 
of 	 6 N N N N - N 
N N N N - N 
1 	 7 N Pb Pb Pb - Pb 
N Pb Pb Pb - Pb 
'I 	 8 N Pb Pb Pb D- N 
N Pb Pb Pb D- N 
-j 







Conniune UrLcuhs Sacculus Otoliths Cochlea 
CAM 319. la 	1 nae N 2\b Ab Ab D - Pb 
N Pb Pb Pb D- Pb 
2 N N Ab Ab D- Ab 
N N Pb Pb D- Pb 
3 C (slightly) N N N D - Pb 
C 	If  N N N D- Pb 
4 N N N N D- N 
N Pb Pb Pb D- Pb 
5 N Pb Pb Ab D- Ab 
N Pb Pb Pb D- Pb 
6 N Pb Pb Pb D- veryPJ 
Pb Ab Pb D- " 	Pb 
CAM 242.2b 1 	1 6½- 13½ N Pb Pb Pb - Pb 
g. d. N Pb Pb Pb - Pb 
2 N veiyPb i.eryPb w xyPb D- Pb 
N it 	Pb " 	Pb " 	Pb D - Pb 
3 N Pb Pb Pb D- Pb 
N Pb Pb Pb D- Pb 
4 N Pb Pb Pb D- Pb 
N Pb Pb Pb Pb co 
TABLE 4.2 (Ccntind) .. .3 
Supple- CanaLs Crus 
Errbxyo 	No. n'entaticn (dianeter) Ccm]ne Utriculus Sacculis - Otoliths Cochlea 
CAM 242.2b1 	5 6-13 N Pb Pb Pb D - Pb 
g. d. N Pb Pb Pb D- Pb 
6 N Pb 'very Pb 'very Pb - kery Pb 
N Ab " 	Pb " 	Pb - " 	Pb 
7 N N Pb Pb D- Ab 
N N Pb Pb D- Pb 
CAM 261.2a10 	1 6-14 C ---_- 	rest of ears damaged 
g. d. C 
2 N 'very Pb 	'very Pb 'very Pb D - very Pb 
N if Pb ' 	Pb ' 	Pb D - Pb 
3 N Pb 	 Pb Pb D- Pb 
N Pb Pb Pb D- Pb 
4 N Pb 	Pb Pb D- Pb 
N Pb 'Pb Pb D- Pb 
5 N Pb 	Pb Pb I)- 
__________ N Pb Pb Pb D- 
CAM 388.1a 1 	1 ½-17½ N Pb Pb * Pb * D - Pb 
g. d. N Pb Pb * Pb * D - Pb 
2 N Pb Pb Pb D- Pb 
N Pb Pb Pb D- Pb 
TABlE 4.2 (Ccntinued)...4 
Supple- Canals Crus 
Enbryo No. nentaticn (diameter) Caimune Utriculvis Sacculus Otoliths Cochlea 
CAM 388.1a. 1 	3 ½- l7½ N Ab N ? * N ? * sate PAS N ? 
g. d. +xIegran- 
ules 
N Ab N?* N?* No intact N? 
otolith 
layer 
4 N Ab 2.'b AID D- AID 
N AID Ab Ab D- Ab 
5 ears too damad to score prcperly. Lunena etc. lock distended 
CAM 261.2b3° 	1 -17½ N AID AID AID D- AID 
g. d. N Ab AID AID D - AID 
2 C Ab AID AID D- AID 
C Ab Ab AID D- 
3 N N N N D- AID 
N N N N D- AID 
4 N N AID AID D- AID 
N N Ab AID D- 
EDI 410.2ID 	1 6½-14½ N N N N + scattered N 
g. d. N N N N + N 
2 N N N N + N 
N .N N N 







Cannune Utriculvis Sacculus Otoiths Cochlea 
EDI 410.2b 	3 6k-14k N N N N + N 
g. d. N N N N + N 
4 N N N N + N 
N N N N + N 
5 N N N N + N 
N N N N + N 
6 N N N N + scattered N 
N N N N + N 
7 N N N N + N 
N N N N + N 
8 N N N N + N 





GENETICS OF SUSCEPTIBILITY TO HISTIDINE TERATOGENESIS 
Introduction 
Inherited susceptibility or predisposition to many 
types of disease and congenital abnormalities, in particular 
certain cancers and neurological disorders, is known or 
suspected in a great many cases in humans and laboratory 
animals, especially mice (Antel and Arnason, 1983, Festing, 1979). 
In mice, strain differences in the expression of many mutant 
phenotypes are also well documented (for example, 
Pennycuik 1980), Wilson and Center (1977) , Konyukhov and 
Mironova (1979) etc.) as are strain differences in suscept-
ibility to teratogenic agents (Kalter, 1981). Probably the 
best documented examples in mice are the strain differences 
encountered in teratogen- induced cleft palate, which have 
been extensively investigated by Biddle and co-workers 
(Biddle, 1979, 1981; Biddle and Fraser, 1976). 
Such alterations of gene expression or predisposition 
to certain environmental factors are generally considered 
to be due to the action of unspecified "background" genes 
which "modify" the action of other genes, either directly 
or indirectly. Although susceptibility differences are 
often complex traits, genetic analysis can give some indi-
cation of how many loci may be involved in determining a 
response. In experimental teratogenesis, analysis of sus-
ceptibility differences can be useful in unravelling the 
mechanisms of action of teratogens. If differences can 
be traced to a few genes of major effect, there may be a 
chance of identifying the functions of these genes. In 
mice, for example, two teratogens, cortisone and 6-amino-
nicotinamide (6-AN) , cause cleft palate in the offspring 
when pregnant dams are treated, but inbred strains differ 
both in susceptibility to teratogenesis and in tolerance 
over a dose range for each teratogen. In cortisone-induced 
cleft palate both a maternal effect trait and embryo sus-
ceptibility and tolerance were found to be associated with 
83. 
H-2 genotype (Biddle, 1979). This fitted with a suggestion 
that strain differences in the kinetics of glucocorticoid 
binding proteins may play a part in the susceptibility 
trait, but since a single gene model could not adequately 
explain this trait other factors must also be operating. 
6-AN-induced cleft palate, however, was found to be 
due to a separate genetic system since there was no evidence 
of association between the two teratogenic activities. 
Thus, although the two teratogens induce the same abnormal-
ity, they appear to act via different mechanisms and sus-
ceptibilities to their actions are genetically independent. 
A model involving 2 interacting loci has been proposed 
to explain the irregular mode of inheritance of dactyla-
plasia in mice (Chai, 1981) where the mutant gene (Dac) 
appears to be an autosomal dominant which is homozygous 
lethal. Outcrossing to a number of inbred strains showed 
that manifestation of the mutant gene is controlled by 
anotherlocus (mdac) at which a dominant allele inhibits 
dactylaplasia gene expression whilst a recessive allele 
promotes expression. 
Development of susceptibility differences in histidinaeinic 
strains 
Since susceptibility of offspring to the teratogenic 
effects of maternal histidinaemia has been shown to have 
a genetic basis, it may be useful to re-state the evidence 
and genetic arguments leading to the discovery of 
"susceptibility genes" which had different alleles in the 
EDI and CAM strains. 
The two strains were derived from the same small colony 
of wild mice, captured in Peru. The Peru mice were main-
tained in Cambridge and some were introduced to Edinburgh 
in 1971. The identification of a mutation at the locus 
specifying histidase followed and a behavioural abnormality 
also segregating in the strain was shown to be the result 
of high maternal histidine levels on the developing embryos. 
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This maternal effect could be shown to be independent 
of the offspring genotype at the his locus, heterozygous 
and his/his animals born from his/his mothers being equally 
affected. Furthermore, nutritionally induced maternal 
histidinaernia produced the same effect. The penetrarice of 
this maternal effect was high (about 80%). 
Over a period of years, however, the incidence of the 
behavioural defect declined until in 1977 the penetrance 
was only 6-7% in spite of the demonstrable lack of histi-
dase and consequent histidinaemia in the mothers. 
	
1971 	1973 	1974 	1975 	1977 	1983 
80% 59% 37% 15% 7% 1% 
Genetic changes, other than at the his locus, had obviously 
occurred and this was attributed to the relaxation of 
selection for the defect as most interest had been focussed 
on the histidase biochemistry and genetics. The poor 
mothering abilities of affected females would clearly be 
a selective force favouring genetic changes which amelior-
ated the behaviour defect whilst the monitoring of the 
histidinaemia ensured that no change occurred at the his 
locus. Thus the EDI sub-strain arose in Edinburgh. 
In Cambridge, however, direct selection for the be-
haviour defect had maintained a high penetrance strain 
(CAM) and this was re-introduced in 1976. The work of 
Khin Mya Mya (1978) established the genetic differences 
between EDI and CAM (see Table 1. 3, p.29). 
The identical results of the reciprocal intercrosses 
led to two conclusions: 
High penetrance (in CAM) was recessive to low (in EDI). 
The difference between the strains was not due to 
differences in maternal influences but due to 
genetic differences in susceptibilities of the off-
spring to the same maternal histidine environment. 
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The backcrosses showed that such "susceptibility 
alleles" could be recovered, although they did not 
establish how many loci were segregating. 
The re-introduced CAM strain ran into severe breeding 
problems from 1979 onwards, requiring further re-introductions 
from Cambridge. The Cambridge colony had also suffered a 
similar fate and a "rescue operation" was mounted by out-
crossing to a variety of strains and re-selection of the 
high penetrance. The strain with which this work started 
was, therefore, not the one Khin Mya Mya (KMM) worked with, 
though obviously related and carrying the same his allele. 
Accordingly the present high penetrance strain is designated 
CAM-t while KMM's strain is re-named CAM-K. 
In 1981, since breeding problems threatened to over-
whelm the CAM-J strain, a series of intercrosses of the 
EDI and CAM-J strains was initiated in order to "rescue" 
the high penetrance strain. One effect of this was that 
some of KNM's crosses would, in effect, be repeated. The 
analysis of the genetics of susceptibility which follows 
is hampered by the lack of systematic crosses, since it 
had been assumed (wrongly, as it turned out) that the 
situation had been sufficiently clarified by KMM and that 
re-introduction from Cambridge would simply replenish the 
high penetrance strain. The crosses which follow were 
carried out primarily in order to "rescue" our own colony 
and by chance, certain crosses, which might have been 
desirable had a systematic investigation been planned at 
the outset, are either missing or were set up at a later 
date when it had become apparent that the situation was 
different to that in 1977. Nevertheless, in what follows, 
we can draw important conclusions about the genetic basis 
of susceptibility. 
Experimental Procedures 
In the crosses to be described in this chapter, the 
following procedure was used:- Crosses were set up using 
either 1 or 2W and loin most cases. Pregnant W were 
removed to separate cages if the other was also pregnant 
or if a previous litter had been cannibalised. (Cannibalism 
occurred in all types of cross but was especially prevalent 
in crosses involving behaviourally affected 	Whenever 
possible, two or three weaned litters were obtained from a 
mated pair: all litters being scored after weaning for 
behaviour defects and histidinaexnia as described in Ch2. 
Only a few animals from each cross were used for further 
matings due to space and time restrictions. Similarly 
only a limited number of animals in each generation were 
sacrificed for examination of whole mounts of inner ears. 
Full details of all crosses and individual results 
can be found in Appendices 2, 3 and 4. The results to be 
presented in this chapter have been abstracted from these 
data. 	 - 
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Section A: EDI x CAM-J 'intercrosses 
The results of these crosses are summarised in Table 
5.1 and Figure 5.1 (a) and (b). For comparison Figure 
5.1 (C) gives KMM's (1978) results. 
TABLE 5.3 1st intercross 
x 	Cr 
























These crosses were set up using behaviourally normal 
EDI animals. The CAM-J of i'7 were all behaviourally affected; 
the CAM-J W were normal or only mildly abnormal in order 
to maximise the chances of successfully rearing litters. 
Two observations emerge from these results, which are 
strikingly different from KMM's results:- 
The percentage of affected individuals in both types 
of cross is much higher than the current low penetrance 
(EDI) value of 1%; EDI x CAM-J. gives 48%, while 
CAM-J x EDI gives 24%. Therefore, high penetrance is 
not a "recessive" characteristic. 
The incidence from the EDI mothers is higher than that 
from the CAM-J mothers. Although this may not be 
significant (P>0.05) in view of the standard errors 
(Table 5.2), it does mean that maternal differences 
do not determine penetrance, since the higher penetrance 
occurs in offspring from mothers of the low penetrance 
strain. As in the. case of the CAM-K strain., the 
differences must therefore be. due to offspring 
susceptibilities to a (common) histidinaemic maternal 
environment. 
FIGURE S.la 	EDI x CAM intercrosses (cf. Fig. 5.1c) 
EDI x 
(strain penetrance 1%) 
F 1 	x 	EDI 	
(48%3 
BC 1 (EDI) x EDI 	 F 2 x 
(40%) 	 (32.4%) 




F 	 F 1 x CAM-J 
1 
F 2 	BC 1 (CAM) 	x BC 1 (CAM) 	x CAM-J 
(50%) 	 1 
INT (BC 	x 	INT (BC 1 ) BC 2 (CAM) x BC 2 (CAM) x CAM-J 
(74.7%) 	1 (71.1%) 	1 





FIGURE 5.1b. 	CAM x EDI intercrosses 
CAM-J2 x 	EDI 
I 
F 1 	x EDI 	
(23.5%) 	
F1 




(67% (9 animals)) 
F1 x CAM-J 
BC  (CAM) 
(44%) 
FIGURE 5.1c. 	Intercrosses of Khin Mya Mya (1978) 
EDI 	x 	CAM-K d 
(6.6%) (72.6%) 
F 1 	x EDI 	 F1 	x CAM-K 
1 (6.3%) 
BC 1 (EDI) 	 BC1 (CAM) x CAM-K 
(13.6%) (58.1%) 
BC  (CAM) 
(68.6%) 




TABLE 5.1. Sunirnaxy of results of crosses involving EDI and CAM--J 
Type of mating N Ab % Pb 
Pure strain crosses CAM-J. CAM-J 326 285 87.4 
(March 1983) EDI EDI 156 2 1.27 
Intercrosses EDI CAM-J 62 58 48.3 
CAM--J EDI 65 20 23.5 
F 	intercrosses 	+ EDI/CAM F EDI/CAM F 69 33 32.4 1 
+ CAM/EDI F CAM/EDI F 18 9 33.3% 
1st backcrosses EDI/CAM F1 CAM-,J 111 111 50 
IBC (CAM) CAM/EDI F1 
CAM-J 
CAM-J 
CAM/EDI F J 14 fl 44  
1BC (EDI) EDI EDI/CAM F1 
EDI/CAM F1 EDI 21 14 40 
CAM/EDI F1 EDI 8 3 (27.3)** EDI CAM/EDI F1 ) 
F 	intercrosses EDI/CAM F2 EDI/CAM F2 49 28 36.4 
2 CNvI/EDI F2 CAM/EDI F2 3 6 (67.0) 
2nd backcross* IBC (CAM) CAM-J 73 180 71.1 
2BC (CAM) 
2BC (EDI) IBC (EDI) EDI 16 0 (0) 
3rd backcross * 
3BC (CAM) 2BC (CAM) CAM-J 5 91 94.8 
Intercrosses 	f* 1BC (CAM) 1BC (CAM) 23 68 74.7 
backcross off- ( =T-NT) 
spring (BC (CAM) 1NT iNT 11 28 71.8 
only) 
2BC (CAM) 2BC (CAM) 0 8 (100) 
3BC (CAM) 3BC (CAM) 2 16 (88.9) 
+ EDI/CAM refers to all animals derived fran crosses of EDI x CAM-Jcl 
CAM/EDI 	to 	If 	 1 it 	 if to 	 it to CAM-Jx EDLI 
* All animals in these sets of crosses were derived from crosses of 
EDI x CAM-3d. The prefix EDI/CAM has been omitted for ease of 
reading. 
** Figures in parentheses denote % based on sample of <20 animals. 
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TABLE 5.2. Calculation of between litter variation in behavioural penetrarice 
Mean fraction of abnormal = r= 	 where Ab = Abnormal 
No=Normal. 
(Ab + No) = N = total no. of animals scored 
2 = E(ni(ri_)2) 	where n = size of litter i 
cy 	N-1 	 r i = fraction abnormal in litter i 
= mean fraction of abnormal 
Standard deviation = s.d. = [2 
s.d. 




x 	cf N L 
size 	- iwics r 2 s.d. s.e. 
CAM-J strain CAM-J 	CAM---J 326 88 3.70 0.874 0.060 0.246 0.026 
EDI strain EDI EDI 158 32 4.94 0.0127 0.0024 0.049 0.009 
Intercross EDI 	CAM-J 120 29 0.483 0.168 0.410 0.076 
CAM-J EDI 85 19 
14.14 
4.47 0.235 0.078 0.279 0.064 
F1 inter- EDI/CAMF 1 x F1 102 23 4.43 0.324 0.097 0.312 0.065 
cross CAM/EDI F1 x F1 27 8 3.38 0.333 0.133 0.365 0.129 
1st back- 
cross(CAM-J) EDI/CAM F1 x CAM-J 222 50 4.44 0.500 0.093 0.305 0.043 
CZM/EDI F1 x CAM-J 25 8 3.13 0.440 0.163 0.404 0.143 
" 	 (EDI) EDI/CAM F1 x EDI 35 8 0.400 0.053 0.230 0.081 
CAM/EDI F1 x EDI 11 3 
14.38 
(3.67) (0.273) (0.143) (0.378) (0.218) 
F2 inter- EDI/CAM F 2 x F2 77 16 0.364 0.060 0.244 0.061 
cross 
Ir. 
CAN/EDI F2 x F2 5 2 
14.81 
(2.5 (0.60) (0.008) (0.091) (0.065) 
2nd back- 
cross(CAM) EDI/CAM 1BC x CAM-J 253 56 4.52 0.711 0.103 0.321 0.043 
(EDI) x EDI 16 4 (4.0) C) 0 0 0 
3rd back- 
cross(CAM-J) EDI/CAM 2BC x CAM--J 96 23 4.17 0.948 0.019 0.136 0.028 
Backcross lBC(CNx 1BC(CAM) 91 19 4.79 0.747 0.070 0.265 0.061 
inteicrosses IIl 	x 	'NI' 39 10 3.90 0.718 0.065 0.255 0.081 
(all EDI/ 2BC (CAM) x 2BC (CAM) 8 2 (4 . 0' (1 .00) 0 0 0 
CAM) 3BC(CAM) x 3BC(CAM) 18 4 (4.5' (0.889) (0.010) (0.102) :0.051) 
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Taking the recent history of the CAM strain into 
consideration, it is hardly surprising that high penetrance 
of the behaviour defects is no longer a recessive trait. 
Indeed the outcrossing of the strain in Cambridge, followed 
by re-selection of high penetrance would be expected to 
result in the accumulation of dominant or semi-dominant 
alleles if such existed in the outcross strain, since 
selection would clearly tend to fix these more rapidly than 
recessive alleles. 
The recessivity of the susceptibility alleles in the 
CAM-K strain must reflect the limited gene pool of the small 
•osed colony from which this strain had been selected. 
The EDI strain, meanwhile, has never been outcrossed 
but the decline in penetrance from 7% in 1977 to the present 
day (1%) suggests that it too is no longer the same as KMM's 
strain. The decline in penetrance suggests "weaker" suscept-
ibility alleles, and this change cannot therefore account 
for the increased penetrance in the F1 offspring of the 
current EDI x CAM intercrosses. 
Closer examination of individual results (see Appendix 2) 
shows, however, that 2 classes of results occur in these 
intercrosses, in approximately equal numbers:- 
"A-type": producing only, normal offspring, 
and "B-type": producing a high incidence of behaviourally 
affected offspring. 
In "B-type" crosses the behaviour defects ranged from mild 
to severe and totally normal and totally affected litters 
occured within the same matings. EDI W producing affected 
offspring in these crosses produced no abnormal progeny when 
mated later to EDI db- 
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TABLE 5.4 	EDI mated to CAM-J and EDId'o 
xCAM-Jcf 
Ab/ total progeny 
xEDIcf 
Ab/Total progeny 
EDI 389.2b 33 0/9 0/16 
EDI 391.2b 1 3/7 0/14 
EDI 394.2c 3 4/7 0/10 
EDI 391.2a 0  7/8 0/21 
EDI 361.8d 10 7/14 0/18 
Since the history of the EDI strain was known it was 
suggested that the source of the heterogeneity was not the 
EDI strain, especially since-closely related and sibling 
were producing offspring in both classes A and B. When 
crosses were re-arranged according to CAM-J parent, the results 
were: - 
TABLE 5.5 
Total 	No.  
litters 
x 	a' crosses litters No Ab. animals N Ab % Ab s .e .m. 
All EDI x CAM-J 14 29 12 120 62 58 48.3 7.6 
Data re-arranged 
EDI x "A-type"d' 6 11 9 42 40 2 4.8 4.5 
EDI x "B-type"a' 8 18 3 78 22 56 71.8 7.0 
All C1-J x EDI 8 19 8 85 65 20 23.5 6.4 
Data re-arranged 
"A-type" 	x EDId 3 6 6 26 26 0 0 0 
"B-type" x EDI d1 5 13 2 59 39 20 33.9 7.4 
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It is clear that in "A"-type matings the penetrance 
is similar to the EDI strain whilst in "B"-type crosses the 
penetrance is comparable to that of the CAN-J strain. 
Whilst this division of the results into 2 classes may 
be artificial, the crosses of F 1 offspring from these matings 
suggest that it may be real. The following results were 
obtained from crosses involving F1 offspring from the 
crosses in Table 5.5:- 
rp7AT 	c cz. 
Total No. 
x cr N % Ab pairs litters animals 
F1 inter- EDI/CM F1 x F1 11 23 102 69 33 32.4 
crosses CM/EDI F1 x F1 3 8 27 18 9 33.3 
1st back- EDI/CZM F1 CM-3 18 50 222 ill ill 50 
crosses - 
1BC (CAM) CAM/EDI F1xCA14-J 5 8 25 14 11 44 
1EC (EDI) EDI/CAM F1 x EDI 4 8 31 21 14 40 
CAM/EDI Fi x EDI 2 3 11 8 3 (27.3) 
When these results are re-classed according to the 
origin of F 1 animals, Table 5.6b is:obtained (where "A" 
refers to F 1 animals from crosses involving "A-type" CAM-J 
animals and "B" similarly refers to animals from inter-
crosses involving "B-type" CAM-J mice) 
T7.PLE S.Fh.. 
Total No. 
x N Ab % Ib pairs litters animals 
F1 inter- 
CrOSSeS 
EDI/CN4 F1 x F1 
"A" x "A" 1 3 17 17 0 (0) 
x "B" 6 16 66 40 26 39.4 
x "B" 4 4 19 12 7 (36.8) 
CM/EDI F1 x F1 
"A" x "A" 1 3 7 5 2 (28.6) 
"B" x "B" 2 5 20 13 7 (35) 
1st back- EDI/CM F1 	x CAM--J 
crosses 
1BC(CAM-J) x CAM-J 10 31 139 74 65 46.8 
x CM-J 8 19 83 37 46 55.4 
CM/EDI F 	x CAM-J 
"A" x CM-J 3 6 23 14 9 39.1 
"B" x CAM--J 2 2 2 0 2 (100) 
1BC (EDI) EDI/CM F1 x EDI 
"B" x EDI 4 7 31 19 12 38.7 
CZM/EDI F1 	x EDI 
"A" x EDI 1 1 4 1 3 (75) 
"B" x EDI 1 2 7 7 0 (0) 
(The CAM-J x EDI F 1 intercrosses and backcrosses have 
been included in Table 5.6b for completeness but since so 
few pairs bred successfully the subdivision into "A" and 
"B"-derived F 1 animals becomes meaningless and discussion 
of these results will be focussed on the crosses of EDI x 
CAM-J F 1 animals). 
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It can be seen that only 1 cross of EDI x CAM-J "A" x "A"-
derived animals was successful; this pair produced 17 
normal offspring, (none of which were further interbred, 
since the objective at the time was the establishment of 
high penetrance lines). All other sets of crosses, of 
either "A" F1 x ttB F1 mice or "A" F1 x CAM-J (1st backcross 
to CAM-J) produced penetrances comparable to those of "B" F 1 
x "B" F1 animals or "B" F 1 x CAM-J. Similarly, the back-
crosses of "B" F 1 to EDI produced similar results to those 
of the F1 intercrosses and backcrosses to CAM-J. No crosses 
of "A" F1 to EDI could be made at the time when EDI backcrosses 
were set up. 
Whilst no firm conclusions can be based on results 
from only 1 pair of "A" F 1 animals, they do provide some 
indication that the difference between "A" and "B"-type 
EDI x CAM-J matings may be genetic. The results of the 
intercrosses and backcrosses do, however, support the 
earlier conclusion that low penetrance (or "low suscepti-
bility" alleles) in EDI and "A"-derived F 1 animals is no 
longer a dominant trait, although the fact that no very 
high penetrarices, such as the 70-80% seen in CAN-J, were 
seen in these crosses suggests either incomplete dominance 
of the "high" penetrance or "susceptibility" alleles or 
segregation of a number of loci. 
Further intercrossing of F2 animals produced F 3 off-
spring with penetrance of the behaviour defect similar to 




N Ab % Ab pairs 	litters animals 
F2 inter- EDI/CM F2 x F2 8 	16 77 49 28 36.4 
crosses 
CAM/EDI F2 x F2 3 	2 9 3 6 (67) 
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As the backcrossing to CAM-J continued, the penetrance 
of the behaviour defect continued to increase until, after 
the 2nd and 3rd backcrosses, it was comparable to the pure 
CAM-J strain. No pair in these backcrosses failed to produce 
some behaviourally affected offspring. Backcrossing to EDI, 
although initiated at a later stage and with fewer crosses, 
appeared to reduce penetrance to the level of the EDI strain:- 
TABLE 5.8. (All these crosses were carried out using animals derived 
fran intercrosses of EDIx CAM-Jcf. The designation EDI/CAM 
will be omitted). 
Total No. 
? 	'1 
N Ab % Ab pairs Ilitters I animals 
2nd BC - 
to EDI 	2BC (EDI) 1BC (EDI) 2 4 16 16 C (0) 
xEDI 
2nd BC 
to CAM-J IBC (CAM) 23 56 253 73 180 71.1 
2BC (CAM) x CAM-J 
3rd BC 
to CAM-J 2BC (CAM) 
3BC (CAM) x CAM--J 7 23 96 5 91 94.8 
Intercrosses 
of BC (CAM) 
1BC (CAM) x 
1 BC (CAM) 
offspring = INr 9 19 91 23 68 74.7 
INI' x INT 5 10 39 11 28 71.8 
2BC (CAM) 
x2BC 2 2 8 0 8 (100) 
3BC (CAM) 
x 3BC 2 4 18 2 16 (88.9) 
Furthermore, although only a limited sample of animals 
from each generation (selected, when possible, to cover the 
range of behaviour defects) was examined, the incidence of ab-
normalities in whole mounts of inner ears (Table 5.9) appears 
to increase concomitantly with the increase in penetrance of 
behaviour defects. Whilst the numbers are fairly small, the 
incidence of abnormalities in the inner ears of apparently 
TABLE 5.9. EDI x CAM-J crosses: Incidence of abnormalities in whole founts of bony labyrinth 
Total Behaviourally normal Behaviourally abnormal­  Incidence 





- ______  
% with any 
FlAb 
% with any 
scored 2N* 1 Ab 2 Ab lth ears 2N 2 Ab Ab ears normalities** 
MI strain 22 20 0 0 0 0 0 2 (100) 10% CAM-J strain 31 6 3 1 (40) 0 1 20 100 68% 
EDI x CAM-J 38 13 4 	0 (23.5) 0 3 18 100 65.8% CAM-J x EDI 48 31 8 1 29 1+ 1 6 (87.5) 33.3% 
EDI/CAM IBC (CAM) 56 19 4 	1 	20.8 0 3 29 100 66.1% CAM/EDI 1BC (CAM) 6 6 0 0(0) - - - - - 
MI/CAM F x F1 11 3 1 0 (25) 1 2 4 (87.5) (63.6%) CAM/EDI F 	x F1 3 2 0 0 (0) 0 0 1 (100) (33.3%) 
EDI/CAM 2BC (CAM) 55 9 7 2 (50) 2 8 27 94.6 80.0% 
EDI/CAM F2 x F2 
CAM/EDI 
5 0 1 0 (100) 0 0 4 (100) (100) F2 x F2 3 1 0 0 (0) 0 0 2 (lOU) (33.3) 
EDI/CAM 3BC (CAM) 20 2 	1 0 (33) 0 2 15 (100) 90.0% 
EDI/CAM 1BC(CAM) 
x 1BC(CAM) 16 1 2 0 (67) 0 0 13 (100) (93.8%) 
ELDI/CAM 2BC (CAM) 
x 2BC(CAM) 6 - - - - 11 0 0 6 (100) (100) +  -- 
inese animals were only mildly behaviourally affected. Figures in parentheses denote %age based on<20 animals 
* 2N = both ears normal; 1 Ab = 1 abnormal ear; 2Ab both ears showed abnormalities. 
** The sample of animals selected for ear examination was not random, but chosen to reflect the range of be-
havioural phenotypes as far as possible. 
WE 
normal animals may also increase with increasing behavioural 
penetiance. The abnormalities seen were similar to those 
described by KMN (1978) (see Chapter 1, page 25). It was 
found that animals with severely abnormal behaviour tended to 
show severe abnormalities in both ears whilst animals with 
mild behavioural abnormalities were more likely to show uni-
lateral or (rarely) no apparent malformations in the inner 
ear; however, although no animal with severely affected be-
haviour was found with two apparently normal ears, severe 
malformations could be seen in both ears of animals with 
mildly abnormal behaviour. Only malformation of the cochlea 
and deafness were found to be consistently related. (Details 
of inner ear abnormalities in Appendix 5). 
To re-iterate: these intercrosses of EDI and CAM-J 
lead to two clear conclusions:- 
The penetrarice of the behaviour defects is not influenced 
by maternal genetic constitution, but is dependent upon 
the offspring's own genotype. 
High penetrarice (in CAN-J) is no longer a recessive trait. 
Section B. Crosses of histidinaemia and dreher 
The published reports of the inner ear abnormalities 
of dreher mice (Fischer, 1956) resemble closely the ab-
normalities reported by Khin Mya Mya (1978), namely 
shortening, constriction or dilation of the semicircular 
canals, distension and merging ofsaccule, utricle and 
cochlea, absence of normal otoliths and immature neural epi-
thelia. The mutation is recessive and fully penetrant; 
heterozygotes are normal, whilst affected animals show 
characteristic "shaker-waltzer" behaviour. 	Furthermore, 
the abnormalities in dreher can be traced back to a neural 
tube abnormality seen at 9-10 days of gestation (Deol, 
1964b) (see Chapter 1). This similarity of malformation, 
together with the possible neural tube abnormality in 
9½-11 32-g.d. embryos from histidinaemic mothers, reported 
by KMM, led to speculation that a "mild" allele at the. dr 
locus might influence susceptibility to histi dine- induced 
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inner ear defects (KMM, 1978; Kacser, KMM and Bulfield, 
1979). One aim of the present study was to test this 
hypothesis. 
As described in Chapter 2 the Dr mouse stock was ob-
tained from University College, London and was derived 
from wild mice. Originally a few heterozygous (dr/+) 
breeding pairs were sent from UCL and from these animals 
a small colony segregating dr/dr animals was built. up. 
(For the purposes of clarity it should be explained that 
Dr refers to the "strain" and genetic background carrying 
both dr and 	alleles; thus Dr animals may be pheno- 
typically normal (-Ff1- or dr/+) or dreher (dr/dr)). It was 
observed that the Dr strain experienced similar maintenance 
problems to the CAM-J strain; dr/dr animals tended to be 
smaller at weaning than normal littermates, showed higher 
mortality after weaning and about 50% of c?'drehers showed 
reduced fertility or sterility or failed to plug normal 
In order to test for any effects of the dr locus on 
embryo susceptibility to histidine teratogenesis it was 
planned to cross dr/dr d'd'to histidinaemic ?. i.e. his/his 
x -4,Li- dr/dr o Offspring from this cross would all be 
di and subjected to high intrauterine levels of histidine; 
thus if the presence of the "severe" dr allele influenced 
susceptibility to teratogenesis, this would be expected to 
produce an increased penetrance of abnormal behaviour in 
the F 1 offspring. Comparisons of parallel crosses of 
CAM-J and EDI histidinaernic 	with dr/dr &?were antici- 
pated to show whether any interaction of histidinaernia and 
the dr allele occurred. 
I nte rc rosses 
4 EDI females were crossed to a single dr/dr male of 
proven fertility and separated when pregnant. (4 CAM-J 
and several +/dr ?- from the Dr colony failed to raise any 
litters from this d'and the Dr stock in Edinburgh meanwhile 
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FIGURE 5.2 Histidinaemia x dreher 
EDI 





his/+, dr/+ F 1 	x F1 
(6.25%)1 
(19.1%) 
Select normal, his/his F2 ? x dr/dr F 2 Od 
EDI 	x F 2 Cr 	 CAM-J? x F ° 2 
his/his his/+ dr/dr 	 +? +? 
I 	 +? dr/dr 
I his7Eis+? 
his/his dr/dr 
(1.8%) 	 F3 	 (72.8%) 
(26.2%) 
Select F 3 his/his animals:- F 3 x F 3 








TABLE 5.10. Summary of histidinaemia x dreher crosses 
Mating type o N % white spotting in Ab 
EDr EDI his/his Dr dr/dr 60 4 6.25% 0 
BDr F1 x F1 BDr F1 hLsl+ BDr F1 his/+ 
dr/+ dr/+ 343 81 19.1% 50.6% 
BDr F2 x F2 BDr F2 his/his BDr F2 +1? 
- dr/dr 96 34 26.2% 35.3% 
BDr F3 x F3 BDr F3 his/his BDr F3 his/his 9 31 77.5% 41.9% 
BDr F4 x F4 BDr F4 his/his BDr F4 his/his 0 12 (100) 0 
BDr 1BC EDI his/his BDr F2 his/+ 
-- 7dr 58 1 1.6% 0 
BDr 3BC EDI his/his BDr F4 his/his 9 2 (18.2%) 0 
CDr CAM his/his BDr F2 28 75 72.8% 0 
TABLE 5.11. Penetrance of abnormal behaviour in histidinaeinia x dreher intercrosses. 
x N L - 3wk litter r s .d. s .e. size 
Intercross EDI 	X 	dreher 64 11 5.82 0.0625 0.0073 0.085 0.026 
F1 intercross F1 x 	F1 424 85 4.99 0.191 0.034 0.184 0.020 
F2 intercross all F2 x 	F2 130 30 4.33 0.262 0.079 0.282 0.051 
only matings pro- 107 25 4.28 0.318 0.079 0.281 0.056 
ducing affected 
animals 
F3 intercross F3 	x 	F3 40 10 4.0 0.775 0.061 0.248 0.078 
F4 intercross F4 x 	F4 12 3 4.0 (1.0) - - - 
Backcrosses EDI 	x 	F2 59 13 4.54 0.017 0.0019 0.043 0.012 
to EDI 
EDI x 	F4 11 3 3.67 (0.182) (0.084) (0.289) (0.167) 







TABLE 5.12. Histidinaemia x dreher crosses: Abnormalities in whole mounts of bony labyrinth 
Total Behaviourally Behaviourally Incidence of 
Mating type no • ear normal abnormal ear Abs in 
pairs sample 
scored 2N lAb 2Ab 2N lAb 2Ab  
EDI x dreher 20% 
(his/his mother) 25 20 1* 1 0 3 0 
(0) 
BDr F 	x 
(his+ r+ x cf) 30 3 0 0 0 0 27 90% 
(27) 





his/his noters) (0) 
BDr F3 x F 22 4 0 0 1+- 7 10 77.3% 
(his/his nohers) (0) (8) 





(his/his motiers) (0) 
EDI x BDr 	F 19 18 1 0 - - - 5.3% 
(his/his moters) (0) 
* Mice came from matings producing Ab offspring 
+ Animals showed mild behavioural abnormalities. 
Nos. in brackets refer to animals with dreher-type abnormalities. 
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became extinct. Later crosses in order to check the 
penetrance of behaviour defects in CAM-J x dreher crosses 
used dr/dr animals from the F2 offspring of the EDI x 
dreher matings. Reciprocal crosses of dr/dr x EDI or 
CAM-J ewere not made since dreher 	generally either 
fail to give birth to litters or, if they do give birth, 
fail to nurse the young. 
The EDI 	x dr/dr d"crosses were designated BDr. The 
results of these, and further intercrosses are summarised 
in Figure 5.2 and Tables 5.10 and 11. The results of in-




N Ab % Ab. s. e.. pairs litters animals 
EDI 	Dr 11 64 60 4 6.25 •2.6 his/hi dr/dr 
The above table shows the results of the 1st intercross. 
All 4 behaviourally affected (=Ab) F 1 offspring showed mild 
effects (leaning only). only 1 EDI 	failed to produce any 
behaviourally abnormal offspring. Although the 6.25% perle-
trance is higher than the 1% found in EDI x EDI crosses, 
comparison of the standard errors of these values indicates 
that they are not significantly different from one another 
(P > 0.05) (EDI penetrance = 1.27% ± 0.9 from Table 5.2). 
Thus there is no firm evidence from these crosses for any 
effect of cit on the penetrance of behaviour defects in 
histidinaemia. 
The ears of three of the abnormal F 1 offspring were 
examined as whole mounts ( see Table 5.12) and all showed 
mild unilateral abnormalities. Two out of twenty-two normal 
offspring examined also showed mild unilateral abnormalities 
in whole mounts; this again is slightly but not signifi-
cantly higher than the zero incidence in the pure strain 
TABLE 5.13. BDr F2 progeny phenotypes 
Normal Affected Affected + Affected + 
Behaviour Behaviour White spot no white spot 
(non-dr?her) (= dreher) Total 
non-his 206 k 39 245 20 19 
(196.3) (65.4) (261.75) 
his/his 89 15 104 6 9 (65.4) (21.8) (87.25) 
Totals 295 54 349 26 28 
(261.75) (87.25) (349) 
his untested 48 27 75 15 12 (= dead by 5-6 (56.25) (18.75) (75) 
weeks) 
Totals 343 81 424 41 40 
(318) (106) (424) 
80.9% 19.1% 50.6% 49.4% (75%) (25%) 
+ 
animai wltti white spot. 	Nos. in brackets = expected nos. with equal survival, 
independent segregation etc. 
Expected phenotypes: 	 non-dreher 	dreher 	Totals 
non-his 	9 	 3 12 
	
3 1 	4 
Totals 	12 	 4 16 
107. 




N Ab %. ?b pairs litters animals 
F1 	x 	F1 
24 85 424 434 81 19.1 
his+ his+ 
dr+ 	dr+ 
Since F1 animals were all his+ dr+, segregation of 
both dreher (dr/ar) and histidinaeinic animals was expected 
in the F2 offspring, with no expected abnormalities due 
to maternal histidinaemia. Table 5.13 shows the phenotypes 
obtained in the F2 . 
The dr locus is situated on chromosome 1 and his on 
chromosome 10 and the F 2 phenotypes confirm independent 
segregation of the two loci. Presumed dr/dr animals all 
showed severe abnormalities in behaviour and inner ears. 
Although the published descriptions of the effects of dreher 
and maternal histidinaemia are similar, it was noted in 
these animals that dreher whole mounts were relatively easy 
to distinguish from those with abnormalities induced by 
hjstidinaemia. In all cases malformations were more severe 
than in the most severely abnormal histi:dinaemic inner ears. 
The semi-circular canals and crus commune, in particular, 
tended to be very much shorter and narrower and the ampullae 
and vestibule much more distended than in histidinaemia 
(Fig. 5.3). No dreher animal was found with unilateral 
abnormalities. 
From Table 5.13 it can be seen that the number of 
dreher (dr/dr) animals falls short of the expected 25% 
(x2 = 21.77, P < 0.001). When the numbers of animals which 




Whole mounts of bony labyrinth, x 10. 
Normal, from +1+ mother. 
Abnormal, from his/his mother. 
& 4. dreher whole mounts. 
cc = crus commune 
S = semi-circular canals 
a = ampulla 
o = otoliths 




pairs litters animals N Ab (+ white % Ab white spot 
spot) in Ab 
F 	x F2 13 30 130 96 34 	(12) 26.2% 35.3% 
his/his 
Re-classed F2 	x his/his 7 14 67 48 19 	(5) 28.4 26.3 
according i7dr 
toad F 	x +1? 2 6 16 63 48 15 	(7) 23.8 46.7  genotype 
Re-classed his/his x dr/dr 2 5 23 23 0 0 - 
according - 
to probable 
genotype his/his x dr/dr 11 25 107 73 34 	(U) 31.8 35.3 
at dr locus 7+ 	- - 
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phenotype untested) is examined, however, there is an 
excess of dreher animals compared to the expected number 
(x 2 = 4.84, p < 0.05). This confirms general observations 
that dr/dr animals tended to be smaller and less. viable 
than normal littermates at weaning, when behaviour was 
first scored. It seems likely that selection against 
drehers before weaning. may account for the remaining 
deficit. 
Table 5.13 also shows the incidence of white spotting 
in presumed dr/dr animals. White-spotting (see Chapter 1) 
was first noted as a possible pleiotropic effect of dr by 
Lyon (1961). 	It was observed that in the F 2 of the EDI 
x dr/dr crosses the incidence of white-spotting in dr/dr 
animals had declined from over 80% in the Dr stock sent 
from UCL to 50%. This will be further discussed later. 
intercrcsses: 
his/his non-dreher (i.e. +dr/? = dr1dr or +dr/)F 
were intercrossed to dr/dr F 2 d&' (both his/his and 
In effect this was a replica of the original EDI x Dr inter-
crosses but with a possibly altered genetic background, 
though still, on average, 50% EDI and 50% Dr. The overall 
incidence of behaviourally abnormal animals was 26.2%. 
Re-arranging the results according to d1 his, genotype (see facing 
Table ) shows no differences attributable to differences 
at the his locus. Two crosses which produced no behaviour-
ally affected offspring in a total of 23 were presumed to 
involve +d1i+d1. A further 11 crosses produced 34 
affected offspring from a total of 107 (31.8%). If all 
these crosses are presumed to be +/dr x dr/dr the incidence 
of abnormal offspring is again less than the expected 50% 
incidence of dreher animals. The incidence of white spotting 
in behaviourally affected animals decreased to 35.3%. More-
over, unlike the F2 drehe, which all showed severely ab-
normal and typical dreher behaviour, some of the affected 
F 3 animals were only mildly affected. Examination of whole 
WSW 
mounts of inner ears (Table. 5.12 and belcw) reia1ed that, of 13 
behaviourally affected animals with no white spotting, 
4 showed inner ear abnormalities typical of dreher and 
9 showed defects more typical of maternal histidinaemia 
(including 3 animals with no apparent ear malformations). 
Thirteen white-spotted animals all showed inner ear defects 
typical of dreher. 
It thus appears that embryos with, on average, 50% 
EDI and 50% Dr background may be susceptible to abnormal-
ities induced by maternal histidinaernia. 
F 3 progeny No. Inner ears 
Type of ear 
abnormality 
animals 
scored 2N lAb ZAb HIS. .dreher 
Normal 56 54 2 0 2 0 
Abnormal 26 3 3 20 6 17 
Abnormal 
(white spot) 13 0 0 13 0 13 
Abnormal (no 
white spot) 13 3 3 7 6 4 
Finte rcrosses 
A few his/his F 3 animals were intercrossed, mating 
normal dr/+ db'with presumed dr/+ W (2 normal and 2 mildly 
abnormal). The results are shown below— 





F3 	x 	F3 4 10 40 9 31 	(12) 77.! 
normal normal 
2 4 16 412 (7) 75 
Abnonn. normal 







The 2 behaviourally normal 99 produced 12 offspring 
with abnormal behaviour out of a total of 16. The be-
haviour defects ranged from slight leaning to severe 
circling and 7 affected animals were true 	 (with 
white spotting and severely abnormal behaviour and inner 
ears). The 2 behaviourally abnormal 99 produced 19 affected 
offspring out of 24 with a similar range of abnormalities. 
At least 5 animals were white-spotted dreher. 
The ears of 18 affected animals were examined; 8 
animals with white spots had typical dreher inner ears 
while 10 with no spotting, all had behaviour and ear de-







Type 	of 	- - 
 abnormality 
2N lAb 27th HIS dreher 
Normal 4 4 0 0 0 0 
Abnormal 18 1 7 10 8 
"+ white spot 8 0 0 8 0 8 
"+ no spot 10 1 7 2 9 0 
One intercross of F 4 animals was successful (normal 
his/his 9 x mildly abnormal his/his d: all 12 F 5 progeny 
were behaviourally abnormal and none showed white spotting. 
Backcrosses to EDI: 
9 	o' pairs litters animal 
Behaviour 
%Ab s.€ N (white Ab(white 
spot) spot). 
EDI x 	F2 7 13 59 	15a (1) 1 	(0) 1.7 1. 
EDI x 	F4 3 3 11 9 	(0) 2 	(0) (18.2)6. 
These results when compared to the results of the F 2 
intercrosses and F 4 intercrosses indicate that backcrossiflg to 
EDI reduces penetrance considerably. 
113. 
The results of the EDI x dreher crosses, in general, 
suggest that, although the genotype at the dr locus may 
itself have no effect on susceptibility to maternal histi-
dinaemia, other genes in the genetic background of the Dr 
strain have been incorporated which do increase suscept-
ibility. These background genes in Dr appear to be reces-
sive to alleles in EDI. Whilst it is possible that the 
'usceptibility genes" may have cone from EDI this seems 
unlikely, given the current low incidence of behaviour ab-
normalities within this strain. 
Crosses of CAM-J and dreher 
In order to test for any interaction between dreher 
and CAM-J, CAM-J were crossed to iid"d7 from the F2 progeny 
of the EDI x dreher crosses. The results are summarized 
below: 
x 	& pairs litters animals. N Ab. %. ?b 
CAM-J 	BDr 
F2 
14 26 103 28 75 72.8 
Affected offspring were produced regardless of paternal 
genotype at the his or dr loci. The behaviour defects 
ranged from mild to severe and no white spotting was seen. 
When examined as whole mounts (Table 5.12) all behaviourally 
affected animals showed malformations typical of maternal 
histidinaemia and 4 out of 24 normal animals also showed 
unilateral abnormalities. 
This set of crosses simply confirms that the inner 
ear defects in histidinaemia are due to a maternal effect 
and are independent of paternal his or dr genotype since 
affected offspring were produced from matings involving cib 
of the following genotypes: 
i +/? /4 
his/his +dr/? , +'/? +dr/? 
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Comparison of these results with those of the CAM-J x EDI 
intercrosses (Table 5.3) shows that the incidence of be-
haviourally abnormal offspring is higher in the CAM-J x 
dreher crosses and, in fact, is more similar to that of 
the CAM-J parental strain. This suggests that the Dr 
background may be having an effect on the penetrance of 
abnormal behaviour even though the dr locus itself has no: 
effect. 
Conclusions from histidinaemia x dreher results 
There is no evidence for increased penetrance of be-
haviour defects due to the presence of the dr allele in 
embryos subjected to maternal histidinaemia. Thus there 
is no evidence to support the hypothesis that a "mild" 
allele at the dr locus could be a "susceptibility gene". 
The occurrence of animals with abnormalities typical 
of maternal histidinaemia in lines derived from EDI x 
dreher intercrosses and the ease with which "high pene-
trance" lines have been established even with, on average, 
50% EDI background, suggests that genes in the background 
of the Dr strain cn increase susceptibility to histidine 
teratogenesis. In this the Dr background is more similar 
to CAM than EDI. A more extensive series of crosses would, 
however, be necessary to firmly establish this, although 
the results of the intercrosses and the few backcrosses to 
EDI do point in this direction. 
Modifications Of the dreher phenotype 
In the F2 generation of the EDI x dreher intercrosses 
it was noted that white spotting in presumed dr/dr animals 
(in the absence of any effect of maternal histidinaemia) 
had declined from over 80% in the Dr stock to only 50% 
(Table 5.14) . White spotting was first noted as a feature 
of the Dr stock by Lyon (1961) but she was unable to deter-
mine whether this was due to a pleiotropic, imperfectly 
penetrant effect of the dr allele or to a very closely 










Normal lbnoxmal  
No White No White % white 
scored scored spot spot spot spot spot 
Dr 	+/dr x +/dr 9 67 61 0 0 6 11 100%" 
stock +/dr x dr/dr 3 25 14 0 3 8 72.7% 
EDI x 	(no spot) 4 64 60 0 4 0 0 
BDr F1 x F 	i-/dr x i-/dr 24 424 342 1 40 41 50.6% 
BDr F2 x F 13 130 96 0 22* 12 35.3% 
BDr F3 x F3 +/dr?x +/dr 4 40 9 0 19 12 38.7% 
BDr F4 x F4 1 12 0 0 12 0 0 
EDI x EDr F2 7 59 57 1 1 0 0 
CAM-J BDr F2 14 103 28 0 75 0 0 
EDIxBDrF4 3 11 9 0 2 0 0 
* at least 4 = dr/dr from ears 
82.4% 
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animals showed complete or ventral belts or belly spots 
of white fur while onl' 3 out of 103 non-drehezs showed 
small amounts of white spotting; this level of spotting 
in non-drehers was, she suggested, within the range of 
normal, variation. Lyon concluded that the hypothesis of 
pleiotropy was more likely since, if non-spotted drehers 
were assumed to be due to crossovers, the complementary 
cross-over types (belted non-drehers) were not found. 
In the Dr stock observed in Edinburgh the spotting 
occurred only in dreher (dr/dr) animals and was less 
extensive than Lyon noted, rarely extending to a ventral 
belt of white fur and never to a complete belt. In the 
crosses of EDI x dreher the original dr/dr dl had no visible 
spotting; in the F2 generation 1/343 non-drehers and 41/81 
drehers showed white spots. If the spotting were due to 
homozygosity for a recessive spotting gene (w) closely 
lipked to dr, then, assuming the original dr/dr d'to 
have been heterozygous, spotted dreherswould be expected 
in the F2 in only one group of crosses:- 
++ +dr i.e. 	 x ++ wdr 
EDI dreher 
+.+ 	
01- F +.. + 
1 	+dr w  
Intercross: - 
+4- 	+1- +4- +4- 	++ +4- 
x +dr +dr or' 	x 	or +dr wdr wdr x wdr 
+dr +dr.wdr w•dr 
+dr +dr +dr wdr 
• 	no spotted .. no spotted all spotted 
drehers drehers drehers 
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In fact, most matings produced white spotted and 
non-spotted dreher animals in approximately equal numbers 
(Appendix' 3). It thus seems that the plelotropy explan-
ation is correct; however, the 50% EDI background seems 
to reduce the expression of this effect of dr. 
It could, perhaps, be argued that the establishment 
of high penetrance lines in the EDI x dreher intercross 
could be due to modification of the 'dreher phenotype by 
the EDI (and histidinaemic) background ie.that all affected 
animals are, in fact, dr/dr but that the severity of the 
typical dreher phenotype has been ameliorated by genes in 
the EDI background such that some dr/dr animals show only 
mild abnormalities and affected 	can breed successfully. 
Such an explanation could not, however, explain the occur-
rence of severely affected animals in backcrosses of F 4 
animals to EDI, nor the continued discrepancy between 
"drehe r-type" and "histi dinaemia-type" inner ear abnormal-
ities. In the absence, however, of an extensive series of 
crosses specifically designed to show whether the EDI back-
ground altered the penetrance or range of abnormalities 
of the diieher phenotypic behaviour and inner ear defects 
in dr/dr animals, the hypothesis of high penetrance resulting, 
at least in part, from modification of the dreher phenotype, 
cannot be discounted. 
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SBCTICN C. 	Crosses of histidinaemia and C57BL/6 
In a final series of crosses, intercrosses between 
CAM-J and C57BL/6 animals were made. It was already known 
that the C57BL/6 inbred strain carried no endogenous 
susceptibility to maternal histidinaemia teratogenesis 
(Kacser and Bacon, unpublished). In an attempt to put 
the his allele into a standard inbred background, a series 
of backcrosses of his/his animals to C57BL/6 had been 
carried out. After . 7 backcrosses to C57 a pure his/his 
line with over 98% C57BL/6 background was established. 
No behaviourally affected animals were produced in this 
histidinaemic C57 strain. Unfortunately the line became 
extitict soon after this project started and so it was not 
available for study. 
Crosses of CAM-J and C57BL/6 animals were made in 
order to establish the dominance relations of CAM-J alleles 
for high penetrance of histidine-induced behaviour ab-
normalities with those of a strain known to carry no 
susceptibility to such defects. The crosses are summarised 
in Figure 5.4 and the results summarised in Table 5.15. 
Details of individual crosses in Appendix 4. 
Intercrosses: 
Three C57BL/6 	were crossed to 2 CAM-J dd, both 
of which were only mildly behaviourally affected (slight 
leaning). As expected, no abnormal offspring resulted from 
these crosses nor from 3 intercrosses of F 1 his+ animals. 
his/his animals were selected from the F 2 generation: 
these were intercrossed, outcrossed to non-histidinaemic 
dr/dr ed (BDr F 2  ) and backcrossed to C57BL/6. The results 
of these crosses are presented in the table below, page It :- 
119. 
FIGURE 5.4 	Histidinaemia x C5 7BL/6 intercrosses 
C57BL/6 	x CMJ o 
++ 




Select his/his F2 animals:- 
CAM-J 	x 	C57BL/6 o 
++ 








++ dr/k 	F2 x F2 	F2 	x. F2cf 
(BDr F2) ' 	(his/his ) 
I I 
C57BL/6 x 	F3 x F3 	 F3 
(75%) 	 (26.3%) 










cr animals N Ab %Ab 
1st intexcrosses C7BL/6 	x 	CPM-J 56 56 0 0 
= C57/CAM 
CAM-J 	x 	C57BL76 	. 28 25 3 10.7 
=_C1M/C57  
F1 intercrosses C57/CAM F1 x 	C57/CAM F1 107 107 0 0 
CAM/C57 F1 x - 	CAM/C57 F1 90 90 0 0 
F2 intercrosses C57/CAM F2 x 	F.) 20 4 16 75 
(his/his) (his/his) 
CM/C57 F2 x 	F 	(all) 58 42 16 27.6 
(his/his) (is/his) 20 14 6 30 
(Ti) 38 28 10 26.3 
F3 intercrosses C57/CAM F3 x 	F3 12 0 12 (100) 
CAM/C57 F3 x F3 9 3 6 (67) 
Backcross to C57BL/6 C57/CAM F2 x 	C57BL/6 16 11 5 (31.3) 
(his/his) 
Cross to dreher C57/CM F2 	BDr F. 27 11 16 59.3 




Results of C57/CAM F2 crosses:- 
Total No.  
pairs litters animals 2 	 cf N Ab % Ab 
F2 intercross C57/CAM F 2 x F 
(his/his) 	(i/bi) 
2 7 20 4 16 75 
(+1?) 	(+1?) 2 3 12 12 0 0 
Backcross to F 	 x C57BL/6 2 5 16 11* 5 (31.3) 
C57BL/6 
Cross to dreher F 	 x ++ dr/dr 2 7 27 11 16 59.3 
(iis/his) 	(BDr F 2 ) 1 Intercross of his+ dr+ offspring 2 8 37 29 8 21.6 
* Only 2 examined as whole mounts - both had mild bilateral abnormalities. 
+ 4 with white spots. 
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The effects on behaviour ranged from only mild 
leaning to severe leaning, circling and deafness. (The 
8 behaviourally affected offspring from the intercross 
of his+ dr+ animals all showed severely abnormal behaviour 
typical of creher). Comparison of the F. his/his and +1? 
intercrosses confirms that the abnormalities result from 
• maternal effect, and the backcrosses to C57BL/6 suggest 
• dominant effect of CAM-J alleles on penetrance. 
A reciprocal series of crosses, however, provided 
somewhat conflicting results. 	Two CAM-J 	were crossed 
to a single C57BL/6 o. 	Both ? were behaviourally 
affected and had previously been crossed to F 2 o from the 
EDI x dreher intercross: 
1 CAM-J? 	"1" CAM-J? 	"2" 
BDrF2 +t?dr/dr 







C57BL/6 	+1+ 11 1 14 2 
This reduction in penetrance when the CAM-J 	were 
outcrossed to C57BL/6 was surprising; moreover the 
affected animals showed only mildly abnormal behaviour. 
These results do, however, further confirm the previous 
findings that penetrance and expressivity may be influenced 
by genetic background. 
F1 his+ CAM/C57 animals were intercrossed and all off-
spring were. normal. 	his/his F 2 	were crossed to both 
his/his and +1? F 2 dc:- 
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F2 T 	F2 o 
his/his his/his 
his/his +/? 
all crosses  
pairs f litters Ianimals  I N J Ab  I % Ab 
2 5 20 14 6 30 
4 9 38 1 28 10 
1 	1 
26.3 
6 14 58 42 16 27.6 
This result again is surprising since the inter-
crosses of F2 his/his animals derived from C57BL/6? x 
CAM-J1 produced 75% penetrance of abnormal behaviour. 
Since both sets of F 2 animals (from C57 x CAM and CAM x 
C57 respectively) should have the same genetic backgrounds, 
intercrosses would be expected to produce similar results. 
The difference may be due to sampling error since very few 
F 2 pairs were mated and relatively small numbers of off-
spring were obtained. It is possible that more pairs and 
more offspring might have produced more similar results. 
Alternatively, bearing in mind the two classes of EDI x 
CAM-J results, it may be that. the CAM-Jcf crossed to C57BL/6 
? was a "severe" "B-type" whilst the CAM-J 	were "mild" 
"A-types". Neither of these explanations could, however, 
be confirmed with the limited supply of' animals available. 
In both reciprocal lines (C57/CAM and CAM/C57) inter-
crosses of histidinaemic F 3 animals have so far produced 
"high penetrances" of abnormal behaviour:- 
F3 intercross pairs litters animals N Ab % Ab 
fran: 
57BL/6 x CAM--J 1 2 12 0 12 (100) 
(C57/CM) 




TABLE 5016. C57BL/6 x CAM-J Incidence of abnormalities in whole mounts of bony labyrinth 
Mating type Total no. 
ear pairs 
scored 
Normal behaviour aViOai Abnormal beh v our 
% 	. 
animals 




inner ear.  in 2N lAb 2Ab 2N 11th 2Ab sample 
CAM-J 	x C57BL 10 9 0 0 l 0 0 0 (10%) 
++ 
C57/CAM. F2 x F 3 1 0 0 0 0 2 (100) (67%) 
x bL/bJ) 
C57/CM F x dreher 19 8 0 0 2 0 9 (81.8) (47.4) 
(F2 /his2 x 
C57/CAM BC 4 0 0 2* 0 0 2 (100) (50%) 
C57 
+ Animals showed only mild behaviour abnormalities. 
* Inner ear abnormalities not severe. 
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A small number of animals from the CAM-J outcrosses 
to C57BL/6 were examined for inner ear abnormalities 
(Table 5.16). The abnormalities seen were typical of the 
effects of maternal histidinaemia. Two apparently normal 
animals from the F 2 backcross to C57BL/6 each showed mild 
abnormalities in both ears, while 3 mildly abnormal 
animals from other crosses showed no apparent inner ear 
malformations. 
Section D. 	General Discussion and Conclusions 
Having amassed data from a number of crosses, it now 
remains to bring together all these observations and, if 
possible, put forward a genetic mechanism to explain the 
results, which can be summarised as follows:- 
1) 	In all cases, except for dr/dr mice from his+ dr+ x 
his+ dr+ crosses, behaviourally affected animals came from 
matings involving a histidinaemic female, regardless of 
paternal his genotype. This confirms that the abnormal-
ities are caused by a maternal effect involving high hist-
idine levels. 
2) 	Crosses involving histidinaemic ? can be divided 
into 2 categories: 
producing only normal offspring in all litters 
producing some behaviourally abnormal offspring. 
Litters consisting of all normal or all affected 
offspring may occur and the behaviour defects 
may range from mild to severe. 
3) 	The behaviour of the offspring is not affected by 
the behaviour of the parents; 2 affected parents can 
produce offspring which may all be normal; conversely 
normal parents can produce severely, abnormal offspring. 
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The results of the reciprocal intercrosses of EDI 
and CAM-J animals indicate that differences in penetrance 
are due to genetic differences in the susceptibilities 
of offspring to high histidine levels in utero and not to 
maternal differences. 
All the crosses of CAM-J (to EDI, dreher and C57BL/6) 
indicate that the high penetrance in this strain is no 
longer a recessive trait. The actual level of penetrance 
observed, however, is greatly influenced by the genetic 
background.. 
There is no evidence in favour of the hypothesis 
that a "mild" allele at the dr locus might be a "suscept-
ibility gene". 
Penetrance and Expressivity 
An important observation which applies to all the 
crosses involving histidinaemic mothers is that the division 
of animals into "normal" or "abnormal" categories according 
to behaviour masks a great deal of heterogeneity within each 
group. Thus "abnormal" animals may show behaviour defects 
ranging from only slight leaning to deafness, severe 
leaning and rapid, tight circling. Similarly, if "normal" 
animals were examined more closely, slight hearing impair-
ment or minor effects on behaviour might well be found in 
some cases. Hence variation can occur both in the pene-
trance (= incidence) of the behaviour defect and in the 
expressivity (= severity) of the abnormality. 
A similar pattern emerges when abnormalities are 
looked for in the inner ear; the penetrance of lesions 
seen in whole mounts includes a range of expressivity from 
mild, unilateral abnormalities, affecting perhaps one or 
two structures in the inner ear, to gross, bilateral mal-
formations of all bony structures. Here again, more de-
tailed examination of inner ears, e.g. by sectioning, 
might reveal histological or structural abnormalities in 
ears that would be classed as "normal" when examined as 
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whole mounts. 
Furthermore, although all the results of the crosses 
are expressed in terms of penetrance of the behaviour 
defect, the existence of abnormalities in whole inounts 
from some behaviourally normal animals is indicative of 
the fact that the penetrance of inner ear abnormalities may 
be higher than that of behavioural effects. Indeed, KMM 
(1978) found that this was consistently true, although 
the incidence of ear lesions (like that of behaviour) 
never reached 100%. It thus becomes clear that, for both 
morphological and behavioural effects, "penetrance" and 
"expressivity" merge into one another and reflect an almost 
continuous range of variation, despite the apparent dis-
continuity implied by the arbitrary classification of, 
animals as "normal" or "abnormal". 
Genetics of susceptibility and penetrance of behaviour defects 
Since the response to maternal histidinaemici. appears 
to be mediatedthrough genetic effects on embryonic suscept-
ibilities and since susceptibility differences appear to 
segregate in the A and B-type crosses of EDI x CAM-J and in 
crosses of CAM-J to C57BL/6 it should be possible to postulate 
a genetic mechanism to explain the observations. 
If susceptibility is manifest as behavioural abnormality 
the simplest model would postulate susceptibility to terato-
genesis to be controlled by a single locus, with suscept-
ibility (S) dominant over non-susceptibility (s). Since 
all CAM-Jcfcf used were behaviourally affected, it follows 
that they must have carried a susceptible genotype (SS or 
Ss). Therefore, assuming EDI (and Dr and C57BL/6) to be 

















	Ss 	x 	Ss 	or 
	
Ss 	X 	5S 
.1SS : 2Ss : iss 
	
iSs : lss 
. 75% susceptible 
	
•. 50% 
BC to CAM-J F 1 Ss 	x 	CAM-J SS 
1Lp 
1SS : iSs 
. .100% susceptible 
Such a hypothesis obviously cannot explain the EDI 
x CAM-J crosses which produced no affected offspring and 
in all other cases the expected frequencies of affected 
progeny are too high. 
Similarly, neither a single locus with co-dominant 
alleles in EDI and CAM-J, nor 2 co-dominant loci can explain 
the segregation of behavioural penetrance in F 1 animals 
since these hypotheses require at least 50% of the offspring 
of any mating to be susceptible (and therefore affected). 
e.g. 	EDI LL x 	HH CAN-J or 	HL 	CAM-J 
1 1 
HL (susceptible) 1 LL 	: 1HL 
noimal susceptible 
Reverting to KMM's hypothesis of 2 epistatically inter-
acting loci, several assumptions must be made, i.e.: - 
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EDI = MIYI.ss, 	CAM-J = mm SS and Mm SS = susceptible 
mm Ss 	MmSs: It 
mm ss 
where in or S gives 70-85% penetrance of behaviour defect 
and 	M or s 	it 	0 — 10% 	" 	 If 	 it 	 of 
Thus, "A-type" crosses: 	EDI x CAM-J 
MM 55 	nint ss 
Mxnss (= normal) 
"B-type" crosses: 	MM ss 	x mm SS or 	xmmSs 
Jr 
Mm Ss 	 Mm Ss or Mm ss 
susceptible 	susceptible 	normal 
"high" pene- 50% 
trance 
This requires all "B-type" (tAM-Jcfcf to be mm SS to 
explain the observed penetrances. 	In the F intercrosses: 
"A x A" expect n,20% affected (observe 0) 
"A x B" 	of 	50% 	" 	 ( 	of 	40%) 
"B x B" if 60% " 	 ( 	 to 37%) 
These intercrosses, and also backcrosses to CAM-J, generate 
expected penetrances which are consistently too high when 
compared to the observed results. 
Genetics of susceptibility and exressivit 
Since one- and two-locus models cannot adequately 
explain the penetrances observed in the EDI x CAM-J inter-
crosses, it is left to suggest that the differences are a 
reflection of major gene effects on susceptibility which 
are subject to modification by an unspecified number of 
"modifying" genes in the genetic background. 
The degree to which an initial abnormality may be 
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induced aItransmitted through the development of the 
inner ear is obviously subject to a number of influences 
which may act as "buffers" preventing or reducing inter- 
ference with developing systems. The variation in express-
ivity of both behaviour and inner ear defects in itself 
suggests that the inner ear phenotype is subject to a great 
deal of modification during development. Since some adults 
exhibit unilateral inner ear abnormalities and it isun-
reasonable to suppose that major differences in histidine 
concentration can exist between the two otic vesicles of 
a 91 or 10g.d. embryo (max. 0.5mm), it is obvious that 
some apparently genetically "susceptible" embryos may not 
develop any ear or behaviour abnormalities and in such a 
case penetrance will not reach 100%. 
In effect such a model would suggest that the initial 
induction of an abnormality (= susceptibility) may be 
controlled by one or more "major" genes, but that once 
induced, the degree to which it is expressed in the adult 
inner ear is dependent upon the level of "buffering" by the 
action of modifying genes in the genetic background. Alleles 
of modifying genes which reduce the level of abnormality 
may do so by altering one or more of the many factors in-
volved in such a complex interacting system as inner ear 
development; for example, physical factors such as proximity, 
rates of movement and inductive processes, which are all 
variables of developing systems. Even minor variations in 
one or more factors might well succeed in modifying an 
initially abnormal phenotype to within the range of normal 
variation. Such a system could explain not only the normal 
development of embryos subjected to histidinaemia but also 
the range of expressivity from mild ear lesions to severe 
effects on behaviour and the inner ear, and it is consistent 
with the results which indicate that the genetic background 
may play an important role in determining the penetrance and 
expressivity of abnormalities. Its weakness, however, is 
that it can explain almost any situation by postulating 
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differing levels of modification at (possibly) differing 
stages of development and can mask a great deal of genetic 
heterogeneity in both EDI and CAM-J. 
As mentioned before, differing selection procedures 
have almost certainly resulted in the accumulation of alleles 
favouring low incidence of abnormalities in EDI and high 
penetrance in CAM-J. Whilst the intercrosses suggest that 
differences in major genes may exist between the strains, 
further intercrosses and backcrosses are consistent with 
the hypothesis that modifying genes in the EDI background 
reduce the expression of abnormalities in genetically 
"susceptible" animals while those in the CAM-J background 
maintain a high incidence of defects. 
Background genes in the Dr strain appear to maintain 
a high level of abnormalities, once induced, whilst the 
C57BL/6 inbred strain also appears to contain alleles which 
maintain a high incidence of abnormalities. Other standard 
inbred strains may well show different results according 
to their particular array of modifier alleles and it might 
be of interest to investigate the effects of crossing 
histidinaemia into different genetic backgrounds. 
Whilst this explanation can be tailored to fit all 
the crosses performed in this study, it would be unwise to 
place too much faith in any one model or assumption. The 
variation, both in the incidences of behaviour defects and 
the range of expression of abnormalities of behaviour and 
the inner ear, make any estimates of penetrance liable to 
large errors and the series of crosses are neither extensive 
nor systematic enough to exclude any but the simplest genetic 
hypotheses. Moreover, differences in "penetrance" are a 
reflection of the level at which an abnormality is looked 
for. The advantage of behavioural scoring is that it is a 
visible trait which can be easily scored for a large number 
of animals, but not all abnormal animals may show behaviour 
defects. Closer examination of lesions in the inner ear 
itself becomes progressively more difficult and the samples 
133. 
r•u,i,rn 
HISTIDINE SUPPLEMENTATION AND CLEARANCE 
Section A: 	Histidine supplementation 
In previous studies of maternal histidinaemia 
nutritionally-induced temporary histidinaemia was used to 
prove that the behavioural abnormalities and inner ear 
defects associated with the histidinaemic strain occurred 
as a result of exposure in utero to high maternal histidine 
levels. The second trimester of pregnancy was found to be 
the critical period for induction of abnormalities (Kacser 
et al., 1977, 1979b). 
During this critical period, which coincides with 
that of, for example, X-ray induced inner ear damage (8-
16g.d.; Rugh, 1968), the inner ear develops from induced 
ectoderm to the stage at which most structures begin to be 
recognisable by light microscopy. Withdrawal of high hist-
idine levels after the 2nd trimester has no effect. on sub-
sequent abnormal development of the inner ear, indicating 
that abnormalities, once induced, are transmitted through 
inductive pathways to affect later derivatives. 
No attempt had been made, however, to establish more 
precisely the time of action of high histidine levels. If, 
for example, the maternal effect resulted from disturbance 
of inner ear development occurring early in the 2nd trimester, 
then removal of high histidine levels after this early time 
should not preVent abnormal development from continuing. 
Since the developmental pathway of the inner ear is well 
documented (Rugh, 1968; Deol, 1968, 1976), precise de-
finition of the critical period of histidine action might 
provide further evidence of the possible site of interference. 
Moreover, it has never been established whether histidine 
itself, or one of its imidazole derivatives (see Fig. 1.1) 
which are also present in considerably increased amounts in 
histidinaemia, is responsible for the teratogenic effect. 
This part of the project thus started with the ob-
jective of reducing the period of action of high histidine 
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levels, from 7 days to, if possible, 3 days. -Were this 
to be successful, an investigation into the agent(s) res-
ponsible for the teratogenic effects was to be initiated, 
although it was anticipated that this would prove to be 
more difficult. 
Plan of experiments 
The original dietary treatments of his/+ mothers re-
sulted in 23 abnormal offspring out of 130 (18%; 21 
litters), compared with none in 209 animals from mothers on 
anunsupplemented diet (•Kacser et al., 1977). At this time 
the penetrance of abnormal behaviour in offspring from 
his/his mothers of the same genetic background was over 40%: 
thus susceptibility to teratogenesis was present in the 
stock at that time. Histidine supplementation would ob-
viously be ineffective in the absence of susceptible embryos 
but the "susceptible". CAM-J strain is pure his/his. There-
fore, on the basis of KMM's (1978) findings that "high 
susceptibility" (in CAM) was recessive to "low" (in EDI), 
a backcrossing scheme was devised that would produce normal 
his/+ mothers with susceptible embryos-and would also allow 
direct comparison of the effects of histidine supplementation 
with those of genetically-produced histidinaemia:- 
EDI +1+? x CAM-J his/hisd 
EDI/CAM F1 his/+ ? x CAM-J his/his ci 
lst backcross 
(2 types of BC 	 CAM-Je x his/+ 	his/his x CAM-Jo 
produced and back- his/his 	 his/his 
crossed again to 
CAM-LI Cf cf) 
I supplement 	 2nd back- cross 
caripare penetrance 	 penetrance 
with that of his/his Of backcross 
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In crosses involving +1+ or his/+ with no supple-
mentation, no abnormal offspring were produced in a total 
of. 425 (133 from +1+ mothers and 292 from heterozygous 
mothers]. 	The 2nd backcross crosses (his/his x CAM-Jd) 
produced 69 behaviourally abnormal progeny in a total of 
91 (75.8%) so his/+ sibs crossed to these CAM-Jcfd were 
expected to have a high probability of producing genetically 
"susceptible" offspring which might develop abnormalities 
if subjected to induced maternal histidinaemia. 
A second problem to be overcome was the supplement-
ation regime to be used. Both 6% and 8% histidine-supple-
mentation in food had been.shown to produce behaviourally 
affected offspring (Duncker, 1973; Kacser et al., 1977) 
with no other treatment. It was found, however, that 
after the supplemented diet was introduced, histidine levels 
in blood and urine rose gradually over a period, of 2 to 3 
days and had begun to decline before the diet was withdrawn, 
although no evidence for histidase induction was found 
(Kacser et al., unpublished). This may have been due to 
reduced intake of the (possibly) less palatable new diet. 
Nevertheless, blood and urine samples at daily or 2-day 
intervals showed consistently increased histidine levels 
(into the his/his range) and abnormal offspring were pro-
duced. Supplementation of normal (+1+) homozygotes re-
sulted in little or no rise in histidine levels. 
Such a regime was not, however, considered suitable 
for investigating the effects of shorter periods of supple-
mentation since the initial rise in histidine levels was 
too slow and gradual. It was anticipated that a sharp, sus-
tained increase in blood histidine would be required for 
any teratogenic effects to be seen from a 3-day period of 
supplementation. KMM (1978) used intraperitoneal injections 
of histidine solution to supplement his/his 	; this was 
found to produce a sharp rise in blood histidine although 
levels declined to normal his/his values within 12 hours 
even in these low histidase animals. 
After a preliminary experiment (see below, Experiment 
1), it was found that a 10% solution of histidine was the 
most concentrated that could be routinely injected. 
Assuming a food intake of 5g per day per mouse, supple-
mentation of heterozygotes to the same level (6%) as used 
by Duncker would require at least 6 x 0.5m1 injections per 
day of treatment. This was considered to be too traumatic 
for the pregnant animals, as well as being fairly impractical 
for a large-scale experiment. A compromise regime was thus 
tested; this consisted of 2 or 3 daily injections of 0.5ml 
10% histidine solution, together with supplemented food and 
drinking water which, it was hoped, would maintain raised 
histidine levels during the night (when most food and water 
is consumed) . This gave an estimated daily intake per mouse 
of about 0..35g = 0.15g in food 
O.lg in water 
0.lg injected directly, 
which is equivalent to the estimated daily intake with 7% 
supplemented food. 
In all the experiments to be described in this chapter 
(with the exception of the skin graft experiment in Section 
B) female mice were used, from either EDI strain or EDI/CAM-J 
intercrosses. Blood samples were always taken before giving 
histidine injections. 
Histidine supplementation experiments: 
Experiment 1. (see Table 6.1, Fig. 6.1) 
In this initial experiment an injection solution of 
15% histidine in isotonic saline was used, together with 
supplemented food and water. A rise in blood histidine was 
observed but the animals reacted adversely to the injections 
and all 3 died or had to be sacrificed after 3 injections. 
After this the injection solution was altered: the 
solvent was changed to phosphate-buffered saline (PBS) pH 
7.4 and the pH of the histidine-PBS solution was re-adjusted 
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to pH 7.5 with NaOH immediately before injection. This 
reduced the maximum histidine concentration to 10% since 
histidine is less soluble at neutral pH. Injection of 
this solution produced no adverse reactions and was con-
tinued through all subsequent experiments. 
Experiment 2. (see Table 6.2, Fig. 6.2) 
This was a repeat of Experiment 1, using 4?, 2 of 
which receivnormal food and water throughout, while 2 
received supplemented food and water. Injections were 
given ip at 10 a.m. and 4 p.m. 	One mouse (.) did show an 
apparently sustained rise in histidine levels, but all 
animals showed very variable responses. 
Experiment 3. (see Table 6.3, Fig. 6.3) 
The previous experiment was repeated to try and obtain 
less variable results and a 10 p.m. blood sample was intro-
duced to see whether any effect of the supplemented food 
and water could be detected at night, since 10 a.m. levels 
indicated no effect of this. Once again histidine levels 
rose but the increases were not sustained. Food and water 
supplementation may have been having an effect after 1 or 
2 days but this was not maintaining high histidine levels 
and was.not acting rapidly enough for the purposes of the 
experiment. 
Experiment 4. (see Table 6.4, Fig. 6.4) 
The variability in the previous experiments had suggested 
that the injection procedures might be at fault. In this 
experiment a blood sample was taken 2 hours after injection 
to see whether histidine was reaching the bloodstream. Four 
mice were used, 3 of which had been used in Experiment 3. 
The results confirmed that injected histidine was able to 
elevate blood histidine levels but showed that it was 
"cleared" to normal levels before the next injection. 
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TABLE 6.1 	Histidine supplementation: Experiment 1 




426.1d 11 424.1a 
Day 1 	lOam no treatment A 0.20 00.158 A 0.170 
4pm 0.205 1.065 0.263 
Day 2 	10am food, water 0.383 0.338 0.195 
4pm 4.79 2.86 2.57 
Day 3 	10am injected 1.41 0.712 1.133 
all mice died within li hrs 
Injected 0.5ml 15% histidine-HC1 in isotonic saline IP. 
Figure 61 
ip injection 




Mean his/his level 
Mean +/4,his level 






TABLE 6.2. Histidine supplementation: Experiment 2 
his/+ 2?, blood [HIS] pml ml 1 
EDI0 3 EDI A 30 EDI 010 
426.la 426.1c 426 .Lb 426.2a 
Day 1 10am no treatment 00.15 A 0.138 0 0.125 A 0.15 
5pm 0.113 0.113 0.175 0.163 
Day 2 10am injection 0.338 0.138 0.188 lost 
food & water suppi . food & water normal food & water 
4pm injection 0.225 0.438 11.925 0.2 
Day 3 10am injection 2.725 0.125 0.217 0.113 
4pm injection 1.738 0.863 0.613 2.363 
Day 4 10am injection 4.875 0.15 0.175 0.263 
4pm injection 3.25 lost 1.713 3.65 
normal food & water 
Day 5 9am no treatment 0.25 0.138 0.275 0.25 
4pm 0.138 0.463 0.875 0.138 











105 	 104 	 104 	 104 	 9 4 
am pm 
ft ft t  
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TABLE 6.3. Histidine supplementation 	Experiment 3 
his/+?, blood [HIS] .urol mi 1 






1EC 39. i&- 
EDI/CAM 
1BC 4 . 2a11j 
I EDI/CP.M 
IEC 37 .2a 
Suppl.Food & Water Normal Food & Water 
Day 1 	10am injection 0.138 0.238 0.125 0.250 
4pn injection 0.50 1.46 3.35 0.325 
- 0.413 0.30 0.325 0.70 
Day 2 	10am injection 0.425 0.30 0.163 0.638 
4n injection 1.513 1.26 0.225 
lCpn - 3.488 3.588 0.863 3.463 
Day 3 	10am injection 0.975 0.5 0.575 0.263 
4n - 2.025 4.00 0.550 0.663 
normal food & water 
Day 4 	10am - 0.350 0.188 0.125 lost 
4n - 0.288 0.175 0.188 0.125 
Fig. 63 
I 









TABLE 6.4. Histidine supplem entation: Experiment 4 
his/+ 9, blood (HIS] 4mo1 m1 1 
EDI/CTM 	I 
- 1BC 39.1dm 
EDI/CM 30 
IBC 33.2b 1BC 37.2a33 7.2a1 
suppi. food & water normal food & water 
• 0.175 A 0.163 00.167 L0.188 Day 1 10am injection 
12noon - 7.163 4.2 7.025 3.94 
4pm injection 0.425 0.288 0.425 0.238 
10pm - 0.45 0.988 0.975 0.438 
Day 2 lOam injection 0.175 0.163 0.125 0.213 
12noon - 5.95 4.98 6.88 4.45 
4pm injection 0.475 0.388 0.5 0.238 
10pm - 0.50 0.450 0.475 0.450 
Day 3 10am - 0.3 0.225 0.175 0.188 




am 	 pm 
t t 	 t t 
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In the light of these results it was realised that 
a sustained increase in blood histidine levels would not 
be possible with this combination of supplemented food, 
water and injections. The supplemented diet appeared to 
have little or no effect on blood histidine over the 
course of 2 or 3 days, whilst injected histidine, although 
producing a sharp rise in histidine levels, was apparently 
rapidly cleared to normal levels. Whilst it was still 
considered that more frequent injections would be inad-
visable, a more detailed study of the rate of clearance 
of an injected histidine load was carried out (see below, 
Section B). In addition, a further supplementation experi-
ment was carried out using pregnant his/+ 	. 
Supplementation of pregnant his/+ 	. (see Table 6.5,Fig.6.5) 
Since it had been intended to also use histidine 
supplementation of pregnant heterozygotes as a means of in-
vestigating "susceptibility" in certain crosses, it was 
decided to repeat the earlier dietary treatments using 8% 
histidine-supplemented food and also twice-daily injections 
at the start of treatment. Clearance results (Section B 
below) indicated that blood histidine was elevated into or 
above the histidinaemic range for about 3 hours following 
injection and it was considered that the injections might 
produce some increase in levels before the predicted rise 
after 2-3 days of supplemented food. 
The his/+ mice were produced by backcrossing F 1 from 
an EDI/CAM-J intercross to CAM-Jed. 	They were all crossed 
to tested CAM-Jed and raised one control (normal) litter 
before the supplemented pregnancy. his/his sisters of 
these heterozygotes had produced litters with high penetrance 
of behaviour defects when crossed to CAM-Je d - 
In order to avoid trauma as much as possible, blood 
samples were taken at 3-day intervals after the first 2 days 
of treatment. Normal food was fed daily as mash from the 
time of finding a plug in order to get the animals used to 
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pregnancy and this is consistent with KMM's (1978) 
finding that pregnancy continued normally in only 4 out 
of 8 his/his ? injected daily during gestation. 
After these results, which suggested that histidine 
supplementation, even if successful in raising histidine 
levels in some cases, would be ineffective as a method 
of detecting susceptible genotypes in a large scale exper-
iment, the decision was taken to abandon the attempts to 
supplement heterozygous 	and concentrate instead on in- 
vestigating the relationship between enzyme activity and 
blood histidine levels. 
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Section B. 	Clearance of a histidine load 
Since the supplementation experiments had shown that, 
even when combining i.p. injections of histidine solution 
with supplemented food and water, the blood histidine 
levels had declined to normal levels within 4-6 hours of 
injection, it was decided to investigate clearance rates 
in heterozygotes and normal and mutant homozygotes. It 
had not been expected that very high levels of histidine 
would be maintained for long periods, since even his/his 
animals with <5% of +1+ histidase activity show ".40% of +1+ 
flux to glutamate (Kacser et al., 1979a) and clear a smaller 
hjstidine load within 12 hours (KMM, 1978); however, the 
speed at which histidine levels, declined was somewhat sur-
prising. 
Theory of loading tests 
The relationship between enzyme concentration and the 
phenotype of an individual has been studied in great detail 
(Kacser and Burns, 1981). This can be summarised by the 
fact that the movement of a metabolite through a pathway 
is dependent on the "sensitivity coefficient" of the 
enzyme in the pathway. The coefficient is defined as the 
fractional change in flux divided by the fractional change 
in enzyme causing the change in flux:- 
dF dE 
sensitivity coefficient, z = - . 
where E = enzyme concentration or activity 
and F = flux through the pathway. 
The coefficient is .a function of all the enzymes in the 
pathway(s) and the greater the number of enzymes, the smaller 
the value of z. When the coefficient is small, considerable 
changes in enzyme levels result in only marginal alterations 
in flux or metabolite levels. Most enzymes in vivo are in 
complex multi-enzyme systems and the vast majority have very 
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low coefficients. This explains both the mass action 
effect of high histidine levels on the flux in histidinaemia 
and the fact that reduction to 50% enzyme activity in 
heterozygotes has virtually no effect on either flux or 
histidine concentration. 
This, however, applies to the steady state to which 
substrate and product have settled. Presenting the enzyme 
with very high histidine concentrations causes high sub-
strate saturation and a large disequilibrium. In such 
cases the sensitivity coefficient approaches 1 and flux 
is dependent upon Vmax• Since Vmax  for +/+ and hetero-
zygotes are in the ratio of 2 to 1 the heterozygote would 
then be expected to "clear" the substrate load at ½ the +/+ 
rate. 
This theoretical property is widely used in clinical 
studies of human metabolic diseases. The detection of 
carriers, i.e. heterozygotes, for recessive characters is 
important where enzyme assays cannot be done. DisOrders 
of amino acid metabolism are almost by definition disorders 
of liver metabolism, since mammalian liver possesses not 
only the body's main complement of enzymes for sequential 
degradation of all amino acids but also the enzymes of the 
urea cycle to dispose of amino-N and additional systems to 
utilise the energy and chemical products derived from amino 
acids for gluconeogenesis and fat synthesis. Since, in 
most inborn errors of metabolism, liver biopsies are not 
practicable, the method of "loading" putative carriers has 
been widely used. Loading or "tolerance" tests have, for 
example, been used in geneti.c studies and carrier detection 
in galactosaexnia (Donnell et al., 1959) , PKU (Hsia,. Driscoll 
et al., 	1956; Bremer and Neumann, 1966) and human hist- 
idinaemia (Woody et al., 1965; Ito et al., 1981) (see also 
Nyhan, 1967). 
Theoretical treatment of the relationship between sub-
strate loading and flux by Dr H. Kacser (Appendix &) 
150. 
suggests that the conditions in which clearance in +1+ is 
twice that in heterozygotes may not, however, be achieved 
in any particular case, either because the disequilibrium 
is not very high or because saturation is not high enough. 
In such circumstances the clearances in +/+ and hetero-
zygotes may not be very different from one another. A 
third reason for deviation from the expected half rate of 
clearance would be if the loaded substrate were also meta-
bolised by other enzyme systems. This may be especially 
true in the case of histidinaemia, where the immediate sub-
strate of the defective enzyme, ie. histidine, can be meta-
bolised by several alternative pathways (see Fig. 1.1). 
Indeed, although. loading tests have been used in studies 
of histidinaernia, Kuroda et al. (1979) report that loading 
tests cannot distinguish heterozygotes reliably whilst La 
Du et al. (1963) suggest that measurements of urine FIGLU 
during the 4 hours after a histidine load provide a better 
method of heterozygote detection. 
Loading tests in mice 
The loading tests involved a single injection of 0.5m1 
10% histidine solution, followed by blood samples at inter-
vals afterwards. In his/his animals clearance of endogenous 
high histidine levels was followed over a 24 hour period 
as was clearance of an injected load after 5 days of a 
histidine-free diet which reduced blood histidine levels 
to about normal. 
The results of the loading tests are shown in Tables 
6.6, 6.7 and 6.8 and Figures 6.6, 6.7, 6.8 and 6.9. 
Whilst the ranges of individual values at most time 
points can be seen to overlap considerably, the mean values 
for +1+ and his/+ are significantly different (P < 0.001) 
at ½, 1, 2, 3, 4 and 6 hours after injection. It can be 
seen that in all three genotypes the initial rates of 
clearance are similar in all three genotypes and only when 
blood histidine levels fall to about 7 pmol ml- 
1 
 do the 
BLE 6. 6. Histidine leve ls after loadin9 (priol ml' whole blood) 
Hours after injection 
+/+ animals pie ½ 1 1½ .2 3 4 6 8 24 
EDI 435.3b 33 0.1375 6.35 1.125 0.475 0.275 0.250 0.2 0.1375 
ED1435.2a1° 0.3375 no ½hr 9.425 no l½hr 3.625 0.625 0.450 0.250 0.2 icet 
EDI 435..3a11  0.20 sanpies 10.55 sarrples 2.3 0.725 0.330 0.250 0.15 0.1375 
EXI 433,2a lost .7.625 2.1 0.650 0.250 0.275 0.15 0.2125 
EDI 433.2b' 0.2125 8.275 .2.05 0.650 .0.350 0.35 0.175 0.1375 
EDI 435.7b 1 0.20 11.825 6.375 4.65 1.825 0.5 0.3 0.275 0.25 no 24hr 
EDI 452.2b 11  0.125 11.2 9.275 7.7 2.15 0.625 0.35 0.2 0.95 sanpies 
EDI 452..2a33 0.275 12.425, 11.775 7.65. .2.375 0.75 0.425 0.25 0.2 
n= 7 3 8 3 8 8 8 8 8 4 
man values 0,2125 11.82 8.706 6.67 2.194 0.625 0.338 0.263 0.284 0.156 
std.deiP 0.074 0.613 1.93 1.74 0.70 0.096 0.071 0.042 0.271 0.038 
std.error 0.028 0.354 0.681 1.00. 	. 0.25, 0.034 0.025 0.015 . 0.096 . 0.019 
l-J 
0 	1 	2 	3 	4 	 6 	 8 
[Hl 
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Fig. 66 	+1+ clearance 
blood histidine, timol/ml 
Hours after loading 
TABLE 6,7 	Histidine levels after loading (pnol iii]. '  whole blood) 
Hours after iniection 
animals pre ½ 1 1½.. 2 3 4 6 8 24 
EDI 424,6b 0.175 11.8 lost lost 0.85 0.45 0.275 0.225 
EDI 424.6d33 0.2625 no l½hr 11.85 no l½hr 7.325 3.025 0.9 0.375 0.175 0.175 
EDI 424,6c 0.175 sairples 9.98 sarples 5.125 3.6 1.175 0.45 0.225 0.1125 
EDI 424.4a 0.175 icet 7.125 3.775 1.175 0.45 0.3 0.175 
EDI 424.4b1 0.15 lost 6.925 3.425 0.675 0.45 0,3 ° 0,1625 
EDI 424,5a3 0.075 . lost ..... 5.25 1.75 0.525 0.4 0.225 .0.125 
EDI/CAM 34,1a10 lost lost lost 8.15 6.05 3.2 2.225 no 0.225 0.2 
EDI/cNvl 34,1c11  lost lost icet 11.075. 8.1 Co 1.325 sanpie 0.275 0.275 
EEa/CNV1 34.1a _U  0.2675 20,01 lost 11,84 9.51 3.56 1.04 0.96 0.59 0,475 
EDI/C1M 34.1c1 0,3375 17.76 	. lost. 8.54 .6.16. 3.29 	. 2.14 1.31 0.79 
ED1459.36 30 lost 17.025 12.05 8,825 6.45 3.725 2.1 0.575 0.275 - no 
EDI 459..3c lost 15.325 12.275 9.575 , .6.575 . .3.425 . 	1.375 0.55 0.425 .sanple 
EDI/cAM 34.5a 0.2 14,425 12.75 
- 




0.725 0.275 no 
EDI/CAM34.5c33 0.1125 13.7 12.08 8.475 6.0 4.425 1.85 0.55 0.2 sanpie 
ivans 0.193 16.37 11.82 9.33 6.68 3.54 1.34 0.60 0.33 0,24 
std. 	v 0.078 2.35 0.87 1.40 1.17 0.72 0.61 0.28 0.17 0.13 
std.error 0.025 0.96 0.33 0.50 0.33 0.20 0.16 0.08 0.047 0,04 
u-I 
U 	1 	2 	3 	4 	 6 	 8 
[His 
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Fig. 6•7 	his/+ clearance 
blood histidine, pmoVml 
Hours after loading 
BLE 6,8 (a) Clearanoe of endDMous histidine 
Time after focx renDval: 
his/his animals 0 Thr 2... 3 . 	 4 . 	 6 8 24 
EDI 43J.4a 2.35 2.35 2,025 3.3 3.05 2.725 3.4 3.1 
EDI 444.1c3° 2.725 2.775 2,575 2.8 4.0 3.9 3.275 3.0 
EDI 444,1a3 2.0 1.9 2.25 3.025 2.7 3.45 3.35 3.125 
EDI 430 4b' lcst 2.25 .2.5 3.7 	. 3.55 3.7 3.075 2.925 
Means 2.36 2.32 2.38 3.21 3.33 3.44 3.28 3.04 
± s.e.m. 0,12 0.18 0.13 019 .0.28 0.26 0.07 0.05 
TABLE 6.8 (b) 	Histidine loading after histidthe -free food 
Hours . after loading: 
hi~/his animals pre .1 2 3 4_- 6 	- 8 24 
EDI/C1M 2BC 29.3h1 3.2 0.7 15.3 11.55 5.425 5.575 4.025 4.00 2.775 
EDI/C1M 2BC 40.2c 10 3.125 too lcw to' 16.75 19.475 8.375 6.975 6.3 6.3 3.4 
calculate 
EDI/CAM 2BC 40.2a3 3.4 0.15 11.55 8.475 5.775 5.55 3.4 4.275 4.1 
EDI/C1M 2BC 29.3c33 2.75 0.325 	. 	 . 19.475 10.25 7.1 7.375 6.475 6.8 4.5 
ans 3.12 0.39 15.77 12.44 6,67 6.37 5.05 5.34 3.69 








Fig. 68 his/his clearance 
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rates of decline become significantly different. In +1+ 
animals histidine levels return to normal within 3-4 
hours of loading, whilst in 'his/+ animals levels decline 
within 6-8 hours. Histidinaeinic animals show normal 
his/his histidine levels within 24 hours. On the basis 
of these results, therefore, heterozygotes could be dis-
tinguished from normal hornozygotes only by measuring the 
rate of decline of blood histidine levels between 2 and 4 
hours after loading. 
The loading data indicate that histidine injected i.p. 
is very rapidly absorbed into the bloodstream and quickly 
cleared. Histidine values probably peak before the ½ hour 
sample and decline steadily thereafter. Whether the 
differences in ½ hour mean values are themselves a re-
flection of the relative activities of histidase in the 
three genotypes is open to question since the early values 
overlap a great deal. Since all three genotypes initially 
"clear" at similar rates it is clear that the initial' rapid 
decline in blood histidine must be due to the other pathways 
through which histidine is degraded, i.e. to histamine, 
imidazole derivatives, acetyl histidine and direct excretion 
in urine. (Urine samples, often used in human subjects, 
were not used in this study because, 
it is difficult to obtain samples at frequent intervals, 
more urine than blood is required for analysis, and 
it is difficult to quantify the "concentration" of 
urine samples) . 
It is known that histidine levels in his/his animals 
cause a large mass action effect on the flux through these 
alternative pathways, 'resulting in increased excretion of 
imidazoles and histidine in urine and greater synthesis of 
histamine in the brain (Kacser et al., 1973; 'Bulfield and 
Xacser, 1974, 1975; see Tables 1.1 and 1.2, pp. 2 and 3). 
The initial rapid fall in blood histidine levels following 
TT 
	
	loading is thus a reflection of increased flux through 
these other pathways and confirms that no significant 
159. 
differences exist in the flux through these enzymes within 
the three genotypes. 
Since these pathways are important, however, it was 
decided that an alternative measure of actual clearance 
through histidase in vivo would be to monitor changes in 
the levels of urocanic acid, since this is the direct 
product of histidàse (HAL) activity. 	Unfortunately, uro- 
canic acid (URO) is, in turn, rapidly degraded in the 
liver and blood levels are minimal. It was found that 
even after loading, measurable levels of URO could not be 
detected in 0.6m1 of blood obtained by cardiac puncture, nor 
in liver samples. 
In skin, however, which is said to be the other major 
site of HAL activity in mammals (Zannoni and La Du, 1963) , 
urocanic acid is not degraded due to the absence of uro-
cariase. Instead it accumulates, providing an effectively 
"one step" pathway through histidase and despite a fairly 
crude method of extraction (see Chapter 2), histidine and 
urocanic acid levels can be measured with reasonable 
accuracy. The reason for this accumulation of URO in skin 
has not yet been established, although the fact that it 
absorbs light in the erythemal part of the spectrum has 
led to the widespread, though disputed, belief that it acts 
as a natural sunscreen. (A collaborative investigation 
involving this laboratory (De Fabo et al., unpublished) 
suggests an immunological role for URO.) 
It was thus decided to look at URO levels in the skin 
in order to determine whether these levels might be altered 
by loading and to examine how changes in URO levels were 
related to HAL activity in the skin. 
Skin loading experiments 
Whilst monitoring metabolite levels in the blood is a 
relatively simple procedure involving the removal of blood 
samples from a single mouse at intervals after administration 
160. 
of the substance, the equivalent procedure in skin is less 
simple. Apart from the fact that skin samples require 
more preparation, it is impossible to obtain a timed series 
of skin samples from an individual animal; hence the ex-
periments require fairly large numbers of mice to be sacri-
ficed to provide skin samples at varying intervals after 
loading. This inevitably introduces greater, variability 
into the results since it is impossible to relate apparent 
changes in skin metabolite levels to pre-treatment levels 
in the same animals. 
Experimental procedure 
In order to monitor skin HIS and URO levels after 
loading, pairs of shaved animals were injected with 0.5ml 
10% histidine solution and later killed by cervical dis-. 
location or cardiac puncture. Dorsal skin was removed and 
prepared for analysis as described in Chapter 2. Blood 
samples were obtained from all animals prior to use in 
experiments and again at the time of death in order to 
measure histidine levels. In the first experiments cardiac 
puncture was used to obtain large blood samples but this 
was abandoned when URO could not be detected in measurable 
amounts. 
Results 
The results (Tables 6.9 and 6. 10, Figures 6. 10, 6.11 
and 6.12) clearly show that, following i.p. injection of 
histidine both blood and skin HIS levels rise rapidly and 
after ½ hour skin histidine is elevated 20-30 fold. URO 
levels rise more slowly and to a lesser extent (2-4 fold) 
The variability within each genotype (+/+ and his/+) means 
that no clear differences in skin metabolite levels can be 
discerned between them. 
Whilst the absolute concentrations of histidine in 
161. 
TABLE 6.9. Skin histidine and urocanate levels after loading 
(moles/ml blood or /g skin) 









+1+ 0 0.15 0.077 0.089 0.86 
0.125 0.054 0.162 0.33 
0.1125 . 	0.047 0.160 0.29 
ans 0.129 0.059 0.137 Q•49* 
s.e.m. 	... 0.011 0..009 0.024 0.18. 
½ hr 9.19 2.496 0.35 7.13 
9.28 2.435 0.509 4.78 
9.375 1.921 0.704 2.73 
.9.225 . 	2.604 	. 0.35 7.44 
ans 9.27 2.364 0.478 5.52* 
.s.e..m... 	. 0.04 . 	0.15. 	. 0.084 1.10 
1 hr 5.6 1.062 0.186 5.71 
5.25 1.085 9.209 5.19 
5.725 1.628 0.306 5.32 
.4.45.. . 	1.575. .0.146 10.78 
5.26 1.338 0.212 6.75* 
0.29 	. 0.16 	. 0.034 1.35 
132- hr 4.44 0.993 0.270 3.68 
0.62 0.73 0.495 1.47 
4.1 2.58 0.256 10.08 
.2.95- . 0.806 	. .0.204 3.95 
Ye aris 3.028 1.277 0.306 480* 
s,e.rn. .... .0.87.. 0.44.. 0.07 1.85 
2 his 1.638 0.836 0.430 1.94 
3.3125 1.795 0.499 3.60 
Mcms .2.475 1.316 0.465 2.77* 
4 his 0.35 0.149 0.218 0.68 
030 0.196 2.243 0.81 
mans .0.325 0,173 . 0.231 . 	0.75 
* neans of HIS/UrO ratios not HIS/UR) ratio of xrean tHIS3 and 
nean 1u10). 
CH 14  
Fig. 610 	Histidine and urocanic acid levels 
after loading 
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TABLE 6. 10. Skin hIs tidine and urocanate levels after loading 
(lmDles/g skin or /ml blood) 





0 0.126 0.246 0.51 
0.125 0.128 0.198 0.65 
.0.10 	.. .0.089. .0.169. 0.53 
Ye cm  0.113 0.114 0.204 0.56 
.. -1... -0.013.., . 0.022 0.044 
½ hr 9.825 0.909 0.182 4.99 
9.95 2.368 0.198 11.96 
lost 2.842 0.326 8.72 
lost ...3.611. 0.399 10.66 
tans 9.89 2.43 0.276 908* 
s..e.xn. 	. -. .0.57 0.05 1.52 
1 hr 9.625 2.244 0.278 8.07 
8.875 2.088 0.438 4.77 
8.175 3.476 0.429 8.11 
9.125 3.342 0.158 21.17 
icet 2.585 0.341 7.57 
lost 	. .1.999 0.207 9.66 
Ye EMS 8.95 2.62 0.309 9.89* 
• 	s.e..in. 	,. . 0.30 0.26 	. 0.047 2.35 
1½ hr 7.45 1.337 0.268 4.99 
6.825 2.872 0.318 9.03 




2.11 0.286 7.86* 
s..e.ni. 0.53 0.31 0.04 1.56 
2 his 6.85 2.756 0.366 7.53 
14.7 	. .1.098 . 	0.122 9.0 
5..8 	• 	. . . 	1.93. . 	0.244.. 8.27* .Mans .... 
• 	4 . . 0.438 .0.500 0.161 . 	3.10 
** Pooled sanples fran 2 animals. 
Fig. 6 - 11 
Histidine and urocanic acid levels after loading 
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2. 	 Lf 
Fig . 	 . 13a 
3 
Skin Reltionship of blood 




0 	 0 
- • 
- o 0 	00 
0 
0 












Relationship of skin 
0 
0 












—7 --- 	4 
—7 
• 0 0 
O'2 0'4 SknCüRO] 	mdig 
167. 
blood and skin are not comparable (since blood SHIS) is 
measured per ml of blood whilst that of skin is calculated 
per gram wet weight), levels in skin appear to parallel 
blood levels whilst the relationship of skin UR0 and HIS 
levels is less clear (Fig. 6.12) . Plotting blood ($ISJ 
against skin CHIS) (Fig. 6.13a) shows a linear relationship 
(correlation coefficient = 0.81): thus skin histidine, 
not unexpectedly, is apparently blood-derived. The cor-
relation between skin HIS and.URO levels (Fig. 6.13b) is 
much lower (correlation coefficients = 0.43 for both geno-
types, 0.51 for +1+ values only and 0.59 for his/+ values 
only). Bearing in mind that skin HAL is found in the 
cells of the stratum corneum, two possible origins for the 
increase in skin URO levels must be considered: i.e. is 
it produced by skin HAL or is URO also blood-derived and 
thus a product of liver histidase? This also raises the 
question of whether the decline in skin HIS levels is due 
to diffusion back into blood and clearance through liver, 
rather than skin, HAL. 
- 	Further experiments 
1. Isolated skin samples 
In order to circumvent the problem of liver HAL acti-
vity and separate the skin from possibly blood-borne URO, 
an experiment was performed using isolated skin samples. 
Three +1+ animals were used: two were injected with histi-
dine and one with PBS. ½ hour after injection the animals. 
were sacrificed, a blood sample was obtained and the dorsal 
skin removed, divided into 4 pieces, weighed and cut up. 
One section from each mouse was immediately homogenised in 
6% SSA, whilst the remaining three sections were incubated 
in,.x w/v PBS at 37 0C for varying intervals. (The period of 
weighing etc. when the skin samples were kept in ice was 
not included in the "Time after loading"). After the 
168. 
TABLE 6.11. Isolated kin ' metabolite lewis 
Tine after Blood Skin 	Skin 
injection [HIS] 	1 ~usj (pIi1 HIS/IJTO 
EDI 462.7a ½ hr 4.625 1.084 0.208 5.2 
HIS injected 1 hr 1.433 0.395 3.63 
2 hr 0.850 0.10 5.0 
4 	h 0.983 0.297 3.31 
EDI 488.1b hr lost 2.318 0.271 8.55 
HIS injected 1 hr 3.066 0.395 7.77 
+/+ 2 hr 2.55 0.371 6.86 
4 hr 1.314 0.277 4.73 
EDI 462.7b1 ½ hr too lc,z 0.145 0.292 0.50 
PBS injected 1 hr to caicu- 0.057 0.107 0.53 
2 hr ulate 0.112 0.143 0.78 
4 hr 0.149 0.166 0.90 
169 
Fig. 614 
Histidine and urocanic acid in isolated skin samples 
his injected 









0. 	1/2 	I 	 .2 
Hours after loading 
170. 
appropriate time after loading the enzyme activity was 
stopped by the addition of 1. vol 30% SSA and the skin 
sample was homogenised in the usual way. 
Analysis of these samples (Table 6.11, Fig. 6.14) did 
not provide clear-cut results. While it is clear that HIS 
levels and HIS/URO ratios are higher in histidine-injected 
skin after hour and, though steadily declining, have not 
returned to control levels after 4 hours, the changes in 
URO levels are less well-defined, although at 1 and 4 hours 
levels of urocariic acid may be increased up to 3-fold. 
These results do not provide strong evidence for skin 
histidase activity or URO accumulation; moreover such ex-
periments with isolated pieces of skin do not, in all prob-
ability, provide a good estimate of in vivo conditions. 
Detailed experiments of a similar nature carried out by 
Scott (1981) showed that in cultured samples of guinea-pig 
skin most of the observed HAL activity resulted from enzyme 
exposed to the medium by physical damage to the epidermis 
and in the intact tissue the activity of histidase to exo-
genous histidine was very low. 
Scott's experiments (1981) also provided further evi-
dence that the observed increase in skin URO after loading 
might be blood-derived. In studies on the expressed acti-
vity of histidase and the resulting accumulation of urocanic 
acid in skin, he found that, in vivo ) URO was limited to the 
stratum corneum and was apparently derived from degradation 
of cell proteins. 93% of extractable HAL activity was 
found to be compartmentalised in the "dead" keratinised 
cells of the stratum corneuxn. In the underlying layer of 
nucleated cells, which are freely accessible to exogenous 
histidine, HAL activity was very limited. The reasons for 
this were not determined but it may be due to compartment-
ation of activity within the cells, inactive proenzyme, 
competition with other histidine-catabolising reactions or 
the presence of an inhibitor (see Section C below). The 
171. 
keratinised cells of the stratum corneum form the most 
impermeable layer of the epidermis (Malkinson, 1964) and 
the absence of specialised transport systems (Malkinson, 
1964) make it unlikely that histidine can freely enter, 
nor urocanic acid leave, stratum corneum cells. 
2. Stratum corneum stripping 
Since the previous loading experiments had been carried 
out using whole skin, including the stratum corneuin and 
the lower layers which are freely accessible to blood-borne 
metabolites, a further loading experiment was performed on 
animals in which the stratum corieum had been largely removed. 
Animals were shaved in the usual way and left for a 
few days to allow any small nicks to heal. The thin stratum 
corneum layer was then removed by a combination of firstly, 
depilatory cream ("Veeto"), followed by sellotape stripping 
until a "glistening" stage was reached (usually 4 or 5 tape 
strips). This indicated removal of most of the stratum 
corneum cells. Stripped animals were injected with 0.5m1 
histidine solution and sacrificed at varying times after-
wards. Due to a shortage of animals only one mouse was used 
for each time point. 
The results are shown in Table 6.12 and Figure 6.15. 
Comparison of the uninjected control skins with Table 6.15 
shows that the stripping procedure reduced skin URO levels 
by n,50%, which suggests that the stratum corneum layer was 
only partially removed or that it is not the only site of 
URO in the skin. The levels of skin HIS and URO after 
loading suggest that changes in skin URO levels, in the pre-
sumed absence of skin HAL, are similar to'those in whole 
skin (Fig. 6.12), thus providing further evidence in favour 
of both HIS and URO being blood-derived. 
172. 








Skin I 	[UI(iJ HIS/UlO 
i.ninjected 0.125 0.047 0.063 0.75 
omtrols 
..io1.m]. ... 
0.15 0.069 0.062 1.11 
1 12.35 2.53 0.37 6.84 
1½ 6.338 1.69 0.30 5.63 
2 5.71 1.55 0.332 5.13 
4 0.525 0.35 0.163 2.15 
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Hours after loading 
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3. Skin grafts 
In a final attempt to determine whether URO was 
blood-derived, a series of skin grafts were carried out 
by Dr J. Ansell. Initial attempts were frustrated by the 
discovery of barbiturate sensitivity in the EDI strain 
but later transplants, using ether anaesthesia, proved 
successful and the grafts were not rejected within 2-3 
weeks. , his/his d& each received a 1cm2 piece of +1+ 
skin and 4 +/+ d'd' successfully received similar pieces of 
his/his skin. Two control grafts of +/+ skin on +1+ reci-
pients were also successful. After 2 weeks or longer the 
animals were sacrificed and the graft areas, together with 
adjacent host control areas, were subjected to Pauly ana-
lysis. It was anticipated that the results would be:- 
U) derived 
from blood 
UlO from skin 
his tidase.. 
+/+ skin ai hiYhis Ui +• 	cf. 	-t-/+ 
. 
LW saire or + cf. +/+ 
.rrolEe. 	... . 	HIS/UlO 	+ 
his/his skin a -i-/+ U1) + 	cf. his/his UlO same or + cf.this/his 
itouse HIS/URD + 
The results of the analyses of the skin graft samples 
are shown in Tables 6. 13a and b and 6.14. These samples were 
very small and for technical reasons measurements of ab-
solute concentrations of histidine and urocanic acid were 
subject to large errors, so only the ratio of the two meta-
bolites in each sample was determined reliably. Comparison 
of the relative peak areas for HIS and URO can however be 
made (Table 6.13a) but these are subject to variation due to 
differing batches of analyser chemicals and other varying 
conditions. 
Although only a small number of grafts were successful 
175. 
TABLE 6.13a. 	Comparison of peak areas per gram tissue 
(wet weight) 
Mouse Graft Tissue peak area /g skin 
HIS 	URO HIS/URO 
his/his A +1+ G 155.2 17.74 8.75 
C1 234.7 11.82 19.86 
C 2 177.9 6.38 27.9 
C 4 199.5 8.65 22.53 
his/his B +1+ G 276.9 14.45 19.16 
C 1 334.0 22.31 14.97 
C 2 470,3 24.14 19.5 
his/his C +/+ G 217.8 17.9 12.17 
C1 255.0 3.76 67.8 
C 2 301.2 12.12 24.8 
his/his D +/+ G 248.5 76.68 3.24 
C 1 348.0 13.07 26.6 
C 2 496.2 26.61 18.6 
his/his E +/+ G 226.3 14.34 15.78 
C1 292.9 6.46 45.3 
C 2 277.2 4.13 67.1 
his/his F +1+ G 153.6 8.08 16.34 
C1 102.9 -(1)  high 
C 2 112.1 4.21 23.09 
C 3 140.9 3.64 34.0 
C 4 _(2) 7.62 high 
URO peak too low to calculate 
HIS peak too high to calculate 
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TABLE 6.13a. (continued) 
Mouse Graft Tissue 
peak area 	g skin 
HIS 	URO HIS/URO 
+1+ D his/his G 56.19 53.38 1.05 
C1 38.24 51.19 0.75 
C 2 34.26 50.75 0.68 
+1+ E his/his G 34.12 22.42 1.52 
C1 27.91 29.25 0.95 
C 2 34.39 36.57 0.94 
+1+ F his/his G lost 
C 1 18.68 29.19 0.64 
C 2 49.61 139.0 0.36 
C3 43.17 103.5 0.42 
+/+ H his/his G 42.62 30.6 1.39 
C1 10.61 23.59 0.45 
C2 37.16 51.91 0.72 
C4 15.25 15.84 0.96 
+/+ B +/+ G 41.02 25.85 1.59 
C 1 37.55 51.98 0.72 
C 2 33.72 37.06 0.91 
C4 39.91 97.86 0.41 
+/+ C G 44.33 28.73 1.54 
C1 21.4 28.74 0.74 
C 2 37.7 58.33 0.65 












HIS/URO in sample: 
Graft 	Cl* 	C2 C 3 C4 
his/his 1 +1+ - 16.34 high  23.09 34.0 high 2 
2 1.81 8.75 19.86 27.9 - 22.5 
.3 2.75 12.17 67.8 24.9 - - 
4 3.45 19.16 14.97 19.5 - - 
5 3.69 3.24 26.6 18.6 - - 
6 2.56 15.78 45.3 67.1 - - 
+1+ 	1 his/his 0.163 1.05 0.75 0.68 - - 
2 - 0.238 1.52 0.95 0.94 - 
3 0.150 1.39 0.45 0.72 - 0.96 
+1+ 	1 +1+ lost 1.59 0.72 0.91 - - 
2 • 0.225 1.54 0.74 0.65 - 0.91 
URO peak too low to calculate 
2 HIS peak too high to calculate 
and C 2 are areas adjacent to graft. 
C3 is corresponding site to graft on opposite shoulder. 
C4 is remainder of dorsal skin. 
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TABLE 6.14. 	Skin graft results: mean HIS/URO ratios 
mean HIS/URO ratio No.grafts 
Recipient Donor Graft Adjacent Rest of analysed 
genotype genotype Tissue to graft skin n = 
his/his +1+ 12.57 32.3 32.1 6 
± 	2.38 ± 5.62 ± 	3.27 
• (s.em.') 
+1-'- his/his 1.32 0.75 	) 3 
± 0.14 ± 0.076) 0.85 
± 0.053 
+1+ +1+ 1.57 0.76 	) 2 
TABLE 6.15. Mean skin histidine and urocanic acid levels 
4mo1/g wet wt. 	 HIS/URO 
enotve 	I (HIS] I [UROI 	mean I s.d. 	I s.e.m. 
-'-1+ 0.081 0.129 0.67 0.29 0.12 
his/+ 0.114 0.204 0.56 0.076 0.044 
his/his 1.08 0.033 34.1 8.37 4.19 
Based on determinations from 5 or more animals of each 
genotype. 
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it can be seen that the relative amounts of HIS and URO 
in the grafts were 6imilar to those of the surrounding 
host skin. In all three groups, however, (i.e. reciprocal 
exchanges of grafts between +/+ and h 'is'./his animals and 
grafts of +1+ skin onto +7+ recipients) the mean HIS/URO 
ratios of grafted and adjacent areas were consistently 
different and examination of the standard errors of these 
means (Table 6.14) indicates that the differences are sign-
ificant (though only at the 5% level of significance). 
Examination of the results of the +7+ grafts on 
his/his recipients (Table 6.3-3a and b) clearly shows that 
HIS levels in the skin must be a reflection of blood levels. 
The +/+ grafts consistently show HIS levels similar to 
those of the surrounding his/his skin, and these grafts 
provide further evidence to support the hypothesis that 
the increase in skin histidine levels, after loading is due 
to increased levels in the blood supply. 	The differences 
in HIS/URO ratios between +/+ grafts and adjacent his/his 
host areas appear to result from slight increases in the 
amounts of URO in the grafted portions. Whilst the differ-
ence in mean ratios is significant there seems to be very 
little accumulation of URO in the grafts when compared to 
normal +1+ skin and no evidence to suggest more than a 
very low level of skin HAL activity. In view of the ex-
pected mass action effect of high histidine levels on' +/+ 
skin HAL activity, it must be concluded that very little 
activity is present in the grafted skin or that URO,once 
formed, can be removed by tissue fluids into the histidi-
naemic circulation. 
Comparison of the results of the grafts of his/his 
and +7+ skins onto +/+ animals also suggests that HIS and 
URO levels in the skin are dependent upon blood levels. 
The high histidine concentrations present in the grafts 
have been removed and URO levels in the grafted skin are 
similar to those of the surrounding +7+ skin and higher than 
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in normal hjstjdinaemic skins (Table 6.15). The identical 
results of the +/+ and his/his grafts onto +1+ animals also 
indicate little or no effect of skin HAL although the 
consistent difference in HIS/URO ratios between grafts and 
adjacent areas suggesl3 that possibly transport into and 
out of the grafts may be more restricted than in surrounding 
are as. 
Whatever the reasons for the " graft versus adjacent 
skin" differences, it is clear that HIS and probably URO 
levels in the grafted skins are dependent upon those of the 
surrounding tissue and host blood supply, whilst endogenous 
HAL in the grafts has little or no effect. 
It can, however, be argued that the grafting procedure 
itself destroys HAL activity, in the graft and hence that 
these results are spurious. Preparation of skin for 
grafting does involve scraping away the fatty deposits from 
the .inner surface of the dermis and this in turn may damage 
the proliferating cells of the basal layers in which HAL is 
formed (Scott, 1981). Another factor which must be con-
sidered is that the animals were sacrificed and samples 
prepared only 2-3 weeks after grafting. At this time the 
grafts had "taken" but some were showing early signs of re-
jection and it is possible that the wounding, healing and 
immunological processes might have affected both enzyme 
activity and transport processes. 
Thus, while this experiment clearly demonstrates. the 
dependence of grafted (whole) skin HIS and URO levels on 
host blood levels and suggests little or no effect of 'skin 
HAL, it may be that the special conditions imposed by the 
treatment mean that grafting, especially of such a small 
area of skin, cannot provide an accurate indication of the 
situation in vivo. The suggestion of .very little skin HAL 
activity is not, however, at variance with the results, of 
the loading experirnentsnor with Scott's (1981)' results and 
is consistent with the results of in 'vitro enzyme assays to 
be presented below. 
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Figure 616 Development of HAL activity in wild-type 
and mutant mice. 












Section C. Enzyne Assays 
In mammals, the two major sites of histidase (HAL) 
activity are the liver and skin, especially the stratum 
corneum (Zannoni and La Du, 1963) , and absence of skin 
activity is routinely used as a diagnostic test for human 
histidinaemia. However, studies of the development of HAL 
activity in the mouse (Fig. 6.16; Wright 'et _al., 1982) 
have indicated that, in adult mice, skin HAL activity may 
be absent or of minor importance when compared to liver 
activity, even in +1+ animals. Confirmation of such low 
activity in the present EDI strain would provide further 
evidence in support of the hypothesis that changes in 
whole skin levels of HIS and URO after loading are due to 
changes in blood levels and therefore, indirectly, to liver 
HAL activity. 
An attempt was thus made to compare the relative 
activities of skin and liver histidase' in adult mice. All. 
the animals used were EDI W and tissues were extracted and 
assayed as described in Chapter 2. All assays were carried 
out at pH 9.0, partly because urocanase was reported to be 
inactive at this pH (Tabor and Mehier, 19.55) and partly 
because this had been shown to be the optimum pH for rat 
liver HAL (Powell, 1983), mutant (his/his) and normal (+1+) 
mouse liver HAL (Wright, 1980) and guinea pig skin HAL 
(Scott, 1981). No attempt was made to purify the enzymes 
although a heating step was introduced to destroy urocanase 
activity in liver extracts. 	 . 	. 	. -. 
Results 
(1) Histidase activity. 	It was found that HAL in crude 
extracts was relatively untable and began to lose activity 
within a few hours. Although no immediate effects of heating 
on enzyme activity could be detected, the heating step was 
found to increase the rate at which the extract deteriorated. 
This may have been due to increased proteolytic activity 
and, in retrospect, it would have been advisable to have 
included a protease inhibitor in- the extraction medium. 
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TABLE 6.16. 	Comparison of histidase activity in crude 
liver extracts, heated for 15 nun at 55 °C. 
Histi dine 
mm 
-1 -1 Histidase activity &mol  iran 	g 	liver 
• 	+1+ A 	/+ u 
0.5 0.144 0.088 0.022 
1.0 0.228 0.144 - 
2.0 0.276 0.204 0.015 
10.0 0.348 0.240 0.020 
50.0 0.335 0.222 0.002 
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Although Wright (1980) found no requirement for divalent 
metal ions, it was found in preliminary expe-riments that 
M 2 + g considerably enhanced HAL activity and this was 
routinely included in the extraction buffer. 
The data presented in Table' 6.16 and Figure 6.17 were 
obtained from three extracts prepared and assayed' together 
in order to minimise variation due to handling, etc. It 
can clearly be seen that liver HAL activity reflects his 
genotype, with +1+ having high activity, his/+ intermediate 
and his/his very low activity. Assays in the presence of 
varying concentrations of histidine (Table 6.17 and Fig. 6.18) indi-
cated a Km  for h.istidine of about 0.4mM and V 	of 0.5 ijm3les min g 
wet weight of liver in +1+ extracts: taking account of the variability 
between extracts, this is not significantly different from Wright' s 
(1980) values 	= 0.68 mM and V 	= 0.34 mo1 min-1 g flyer). 
Skin activity (Table 6.18 and Fig. 6.19) was. low but 
detectable in +/+ and his/+ skin extracts. Extractable 
activity was about 10 times less than liver activity. No 
urocanase could be detected in'crude, unheated skin extracts 
and the heating step was omitted. In his/his extracts HAL 
activity was barely measurable. Although the skin activities 
in the 3 genotypes do'appear to parallel liver HAL activities, 
the difficulties of extracting .skin enzymes and the low 
levels of activity observed mean that the differences could , 
be ascribed to experimental error. Nevertheless there is 
no indication of large amounts of HAL activity in the skin, 
even in +/+ animals, which supports the hypothesis that the 
liver is the major site of HAL activity in adult mice. 
2. Urocanase activity. 	Although reported to be inactive 
at pH 9 (Tabor and Mehier', 1955) considerable urocanase act-
ivity was found in unheated liver extracts at pH 9.0 (Table 
6.19 and Fig. 6.20). Activity was unaffected by genotype 
at the his locus. No urocanase activity could be demon-
strated in' the skin, and liver activity was destroyed by 
heating extracts at 55 °C for 15 minutes. 
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TABLE 6. 17. 	Effect of histidine on histidase activity 













From double reciprocal plot, 
K(HIS) = 0.44mM 











Fig. 6•18a 	Effect of histidine concentration on liver 
histidase activity (+1+) 
- 
IHistldaneJ mM 
Fig. 618b Double reciprocal plot of effect of histidine 









TABLE 6.18. 	Comparison of skin histidase activity in 
crude, unheated extracts. 
Histidine 
__________ 
Histidase activity u mol nun 1g 1skin 
+/+ • A 	/+ his/his 
0.5 0.009 0.004 0.002 
1.0 0.012 0.011 0.004 
2.0 0.019 0.012 0.004 
10.0 0.032 0.016 0.003 
25.0 0.032 - - 
50.0 0.030 - - 
Fig. 619 	Skin histidase activity 













Urocanase activity Pmol min 1g 1 liver 
• r A 	/+ 0 	his/his 
0.0075 0.024 0.040 0.024 
0.015 0.130 0.130 0.096 
0.025 0.210 - 
0.05 0.240 0.260 0.144 
0.10 0.170 0.29 0.16 
0.15 0.051 0.092 0.080 
0.30 0 - - 
0.60 0 - - 
Fig. 620 	Urocanase activity in unheated liver extracts 
188 
'J.uI "w 	 Q 
0.007s. 	 . [UrocanateJ mM 	
OI o. 
Fin R• 2Th i ..-..... 	 . Lon 
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TABLE 6.20. 	Inhibition of liver histidase activity by 
urocanic acid (crude extracts, heated to 
55 0C for 15 min). 




0.5 	2.0 10.0 
Apparent 
K 	(HIS) 	V max 
0 0.266 0.388 0.554 0.51 0.53 
0.03 0.250 0.420 0.463 0.50 0.51 
0.05 0.200 0.367 0.375 0.56 0.43 
0.075 0.200 0.263 0.335 0.32 0.33 
0.10 0.184 0.176 0.208 0.037 0.19 
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Fi g . 621b 	Liver histidase product inhibition 
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Magas.anik et al. (1971a) found no evidence for act-
ivation of Bacillus subtilis urocanase by divalent metal 
ions, including Mg2+, and there are no reports of are-
quirennt for metal ions in mammalian urocanase, but it 
2+ is possible that the Mg used in the extraction buffer 
may have enhanced urocanase activity. 
Liver urocanase was found to be strongly substrate 
inhibited, with inhibition evident atconcéntrations of 
urocanate >0. 1mM. 	A preliminary experiment at pH 7.5 
(reported to be the optimum pH for urocanase) showed in-
creased activity (about 20% greater) but similar inhibition 
characteristics (data not shown). 
3. 	Inhibition of histidase activity. 	An inhibitory 
effect on liver HAL activity was found with low concent-
rations of urocanic acid (Table 6.20, Fig. 6.21a + & b). 
In the presence of 0.15mM URO inhibition was complete at 
all :3 histidine concentrations used. Assays without uro-
canate also suggested that inhibition by substrate might 
be occurring at histidine concentrations of 25mM or more 
in both liver and skin. 
This was consistent with the findings of Powell (1983) 
in similar assays on crude liver homogenates of EDI mice. 
Her results suggested both competitive inhibition of HAL by 
urocanate and substrate inhibition. Purified Pseudomonas 
HAL displayed similar inhibition characteristics at pH 7.4. 
Urocanate has been reported as an inhibitor of Pseudomonas 
HAL by Rechler and Tabor (1971) but substrate inhibition 
has not been reported for bacterial or mammalian histidase 
(Magasanik et al., 1971b; Rechler & Tabor, 1971; Brand & 
Harper, 	1976; Wright et al., 1982). 
No studies of inhibition were attempted with skin ex-
tracts since all activities were. very low, especially after 
overnight dialysis to remove endogenous histidine and uro-
canic acid. However, skin HAL is believed to be the same 
gene product as the liver enzyme (Kacser et al., 1973) and 
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it seems probable that it may be similarly subject to 
product inhibition. The concentration of urocanate in +/+ 
skin is of the order of 0.1mM, thus urocanic acid in the 
skin may play a significant role in the control of skin 
histidase activity, preventing excessive histidine degrad-
ation. It is known that cells underlying the stratum 
corneum have a large requirement for histidine for the 
synthesis of certain histidine-rich proteins which form a 
major component of these cells and are associated with 
keratinization (Reaven & Cox, 1965; Harding & Scott, 1983). 
(If injected skin urocanate levels have an inhibitory effect 
the 2-4 fold increase in levels following histidine injection 
would only increase the inhibition. On this basis alone 
the changes in skin URO levels following injection cannot 
be attributed to skin HAL activity.) 
The product inhibition data do not closely fit any 
specific type of inhibition. Competitive inhibition is 
normally found for produc inhibition of an enzyme. Uncom-
petitive inhibitionis rare with single substrate enzymes; 
it is more common with multi-substrate complex reactions. 
It can be concluded merely that product inhibition of 
histidase does occur; it may be competitive but these data 
cannot prove this and a detailed study of inhibition and 
enzyme kinetics was outwith the province of this part of 
the project. Had time permitted, more extensive and in-
formative studies of enzyme •activities and kinetics might 
usefully have been undertaken. 
In summary, the conclusions to be drawn from the enzyme 
assays are:- 
Liver histidase activity follows the genotype at 
the his locus, and skin activity may also do so. 
Urocanase activity is not affected by his genotype. 
Skin histidase activity in adult mice is considerably 
lower than liver activity in crude extracts. In vivo 
activity may be reduced still further due to in-
hibition by urocanic acid in the skin. 
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Section D. 	General Discussion of Biochemical Investigations 
Probably the major lesson to be learned from all the 
experiments in Sections A, B and C of this chapter is that 
the factors influencing HAL activity and histidine levels 
in vivo are much more complex than had been anticipated and 
the approach used was too simplistic to be able to provide 
enough information to offer detailed explanations of the 
results.. It is obvious that there is scope for much more 
detailed investigations into histidase activity and treatments 
such as separation of skin layers and radio labelling of 
metabolites would probably yield more information on the fate 
of injected histidine. 
In the supplementation experiments it is not clear exactly 
why supplementation of heterozygotes should have failed so 
consistently to raise blood histidine levels and maintain them 
in the histidinaemic range. The liver HAL activities measured 
here are comparable to-previous reports (Kacser e1:al. ,1973,   
Wright, 1980). Measurements of clearance of injected histidine 
have not previously been reported except indirectly by KMN (197E 
who injected his/his W with a 5% histidine solution; this 
was cleared within 12 hours. Bulfield and Kacser (1974) stated 
that wild-type and heterozygous animals could be distinguished 
on the basis of urine or blood hi.stidine levels after 4 days 
on a 6% his ti dine-s upplemented diet. By this time heterozygote 
histidine levels had risen to values similar to histidinaemics 
whilst +/+ levels were unchanged, but no measurements of 
clearance were attempted. 
It can be argued that the administration of histidine 
by injection is essentially different to adding it to the 
diet, since injection results in single, large doses which 
can be completely cleared before the next administration (as 
is clearly illustrated by the loading tests). Supplementation 
in food, on the other hand, provides a semi-continuous low 
level dose which may result in a gradual accumulation of high 
levels. It is certainly true that the equivalent of 7% 
dietary histidine supplementation given as a combination of 
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injections and supplemented food and water spectacularly 
failed to raise blood histidine levels into the histidinaernic 
range for longer than 4 hours after each injection. Had 
this histidine been administered in more frequent, smaller, 
doses the result might possibly have been different. 
The failure to raise blood histidine levels in pregnant 
his/+ W by dietary treatment alone cannot, however, be 
accounted for by this explanation. Since the animals used 
in one experiment gave birth to healthy offspring it cannot 
be argued that the supplemented food was not eaten; nor, 
since all the mice were "guaranteed" heterozygotes (from +/his 
mothers and his/his fathers), can the variability in response 
be attributed to differences in his genotype. Differing 
levels of food intake may account for some of the variation 
in response after supplementation, but the possibility 
cannot be excluded that either HAL or another enzyme involved 
in histidine catabolism can be rapidly induced by dietary 
stpplexrentation, despite previous indications to the contrary 
(Kacser and Bulfield, unpublished). It must be borne in mind 
that the previous dietary treatments were carried out several 
years ago (1973-74) using a stock of mice 	which, although 
the histidinaemia has remained the same, may have been 
considerably different from the present strains. Changes in 
enzyme activities or induction characteristics may have 
occurred such that maintenance of high levels of histidine 
in heterozygotes is no longer possible with the level of 
supplementation used here. 
If it is confirmed that blood histidine levels can no 
longer be raised for long periods by means of histidine 
supplementation it is hard to see how the problem of 
investigating the time of action of histidine can be resolved. 
It might be possible to induce temporary histidinaemia by 
means of syn thetic, histidine analogues which inhibit HAL 
activity (Brand and Harper, 1976) but such an approach may 
prove more deleterious to mother and embryos than frequent 
injections of histidine. There is clearly scope for further 
investigations into this problem. 
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The investigations of histidine loading and clearance 
illustrate two points which may be of relevance to the use of 
loading tests. The first is that, when, as in the case of 
histidine in histidinaemia, the immediate substrate of the 
affected enzyme can be metabolised via several alternative 
pathways, these routes may be important in "clearing" excess 
substrate after loading. In such a situation, as here, even 
mutants can initially "clear" at similar rates to normal 
homozygotes. Secondly, these results suggest that, in the 
present mouse stocks, at a blood histidine level of "7 mo]/ml 
the rate of clearance does become dependent upon the level of 
HAL activity and all three genotypes are distinguishable. 
This suggests that at this level of histidine alternative 
pathways are saturated and clearance through histidase itself 
becomes a controlling factor in the rate of decline : hence 
the different rates of clearance seen for all three genotypes. 
Thus, these experiments reaffirm the point that loading tests 
reflect special conditions and need not necessarily distinguish 
genotypic differences in all cases or throughout the period. 
of clearance. 
Turning to the skin experiments, no single experiment 
provided conclusive evidence in favour of the hypothesis that 
skin HIS and URO are blood-derived and that changes in levels 
after loading are not due to skin HAL activity. Nevertheless, 
all the results do point in this direction. 
The single experiment with isolated pieces of skin shows 
that there is some enzymatic activity, including HAL, in the 
skin, which is capable of metabolising exogenous histidine 
in vitro. This is consistent with the finding of low levels 
of HAL activity in skin extracts. Since, however, this activity 
may be released only through damage to the tissue, this 
experiment cannot show whether, in vivo,skin HAL activity is 
accessible to circulating histidine. 
No definite conclusions can be drawn about the levels 
of skin HAL activity in the three genotypes, although the 
results point to only low levels in all cases, possibly 
corresponding to his genotype. In humans, where the stratum 
corneum is considerably thicker than in the mouse (Kligman, 
1964) and pure samples can be readily obtained, spectrophoto- 
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metric assays of stratum corneum HAL activity are routinely 
used in the diagnosis of histidinaemia (La Du, 1971) 
whilst Kuroda et al (1979) report that a more sensitive 
c14 assay can reliably distinguish heterozygotes from normal 
homozygotes. Thus, in humans at least, levels of skin HAL 
appear to parallel liver activities and his genotype. In 
the mouse, however, the thinness of the stratum corneum, 
together with the difficulties of extracting enzyme activity, 
mean that, with the assay method employed here, it is 
impossible to be certain that apparent differences in skin 
HAL do correspond to genotypic variation. If the skin enzyme 
shows similar inhibition characteristics to the liver enzyme 
it is possible that the accumulation of URO in vivo may also 
have a role in reducing skin HAL activity to low levels. 
In conclusion, given the results obtained here and the 
possibility of inhibition of skin HAL by URO, it would 
appear that urocanic acid in whole skin is largely derived 
from blood and tissue fluids and accumulates in skin as a 
result of local absence of urocanase activity and possible 
compartmentalisation in skin cells. Although URO is un-
detectable in other tissues and in blood, the graft data 
suggest that both HIS and URO can be transported to and 
from the skin via the blood. Thus skin URO levels probably 
reflect a steady state of exchange between skin and blood, 
rather than active sequestration. 
Mobility of skin URO is also implied by the results of 
the collaborative investigation into the possible role of 
urocanic acid as a photoreceptor for immune suppression(De 
Fabo et al., unpublished). Exposure to UV-irradiation 
causes a photoreaction, converting the normally-occurring 
trans isomer .of URO into the cis form. 	cis-URO cannot be 
detected in unirradiated mice, however if shaved animals 
are irradiated cis-URO is formed and can be detected in 
samples of the shaved, exposed dorsal skin by the appearance 
of a new Pauly.-positive peak. It can also be detected within 
a short time after irradiation in unexposed ventral skin, 
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spleen, lymph nodes and urine and persists in the tissues, 
since it is apparently not enzymatically degraded. This 
suggests that the cis-isomer formed in the skin is trans-
ported in the circu1tion. Whilst it may be more mobile 
than the trans-isomer - it seems probable that trans-URO is 
also transported in a similar fashion but is undetectable 




Having presented the results amassed from different 
approaches to the problem of maternal histidinaemia, it 
now remains to summarise all these findings and discuss 
them more fully. 
The conclusions of this study can be summarised as 
follows: - 
/ 	1. Abnormalities of the inner ear and behaviour occur 
only in animals subjected in utero to high histidine 
levels. 
The early abnormalities in hind brain morphology 
described by KMM (1978) are dissection artefacts 
and are not seen in embryos fixed in utero. 
Manganese supplementation has no effects on inner 
ear development in maternal histidinaemia. 
There is no evidence of interaction between the effects 
of the 	dreher mutation and maternal histidinaemia 
on the inner ear. 
The development of abnormalities in the offspring 
of histidinaemic mothers is dependent upon offspring 
genotype ("susceptibility") at loci other than the 
his locus. The genetic background influences both 
the incidence and severity of teratogenic effects. 
Genetic manipulation of the Cambridge histidinaemic 
strain by the introduction of other strains during 
the last few years have resulted in "high" penetrance 
of behaviour defects (in the CAM-J strain) being no 
longer a recessive trait (which was the situation in 
the CAM-K strain). 
Injections and dietary supplementation with histidine, 
at previously effective levels, failed to produce a 
sustained rise in blood histidine levels in hetero-
zygotes. This may further illustrate that changes 
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have occurred in the strains since the earlier 
- experiments. 
Liver histidase (HAL) activity is comparable to 
earlier reports (Wright, 1980), with his/+ animals 
having "-p50% of +1+ activity and his/his animals 
"5%. Skin HAL activity may also vary with his geno-
type but is low in all cases. Inhibition by urocanic 
acid may reduce skin activity in viva. 
Changes in the levels of histidine and urocanic acid 
in whole skin following intraperitoneal injection of 
histidine are probably due to uptake from the cir-
culation and indirectly reflect liver, not skin, HAL 
activity. 
Loading tests can distinguish all three his genotypes 
but only over a restricted portion of the clearance 
curve. 
Origin of abnormalities 
A number of features of the maternal histidinaemia 
syndrome rule out the most obvious explanation of the origin 
of the malformations. It is tempting to assume that the 
abnormal development of the inner ear results from direct 
action of histidine or its metabolites on the cells of the 
otic vesicle. This, however, does not agree with the ob-
servations. In particular, the genetic variation in pene-
trance between strains of mice with similar histidine 
levels and the variation within litters and even individuals 
all suggest that, whilst maternal histidinaemia is a 
necessary pre-condition, it has a "triggering" action and 
is not the only factor involved in the teratogenic effect. 
Numerous theories have been advanced to explain 
various aspects of abnormal inner ear development but the-
only hypothesis that attempts to unify the origins of 
abnormal development is that put forward by Deol (1966b, 
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1970a) and based on the study of many shaker-waltzer 
mutants. 
Deol views many, if not all, "morphogenetic" inner 
ear abnormalities as resulting from an initial disturbance 
at the neural tube, possibly extending to the neural crest 
and with associated secondary effects on behaviour, pig-
mentation and inner ear development. Bearing in mind that 
the physical basis of malformations and the chain of events 
leading up to them are both likely to be complex, this 
hypothesis is not inconsistent with the large number of 
genes which produce similar effects. Similarly, in many 
"degenerative" shaker-waltzer mutants a neural abnormality 
cannot be ruled out since the behaviour is often unrelated 
to the state of degeneration of the labyrinth, whilst the 
degeneration itself usually commences in the neural elements 
of the inner ear. 
In histidinaemia both the critical period of histidine 
action and the range of abnormalities which occur in adults 
and which can be seen as early as 14g.d. in embryos point 
to early interference with otic development, during the 
period when the hind brain and acoustic ganglion are the 
dominant influences on inner ear morphogenesis. In addition, 
the indication of an indirect influence of high histidine 
levels (Kacser et al., 1979b) suggests possible inter-
ference with events in the inductive chain, whilst the 
abnormal behavioural traits cannot be absolutely correlated 
with specific abnormalities in the inner ear and may there-
fore be of central origin. If, for example, histidine 
acted on neural tube cells or interfered with their in-
ductive capacity, this would not be inconsistent with Deol's 
views. 
The observation of hind brain abnormalities in 94 - 
114g.d. embryos by KMM (1978) seemed to provide confirm-
ation that the primary disturbance was indeed in the 
neural tube. The results presented here, however, clearly 
indicate that this apparent malformation is artefactual and 
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results from mechanical deformation of the hind brain 
during dissection. Embryos dissected from the uterus 
after Bouin fixation failed to show hind brain malform-
ations whilst those removed without prior fixation showed 
a high incidence of abnormalities. Moreover, there is 
no.evidence to suggest that embryos from the high penetrance 
CAM-J strain are more subject to this type of damage than 
are embryos from the low penetrance EDI strain or even from 
+/+ mothers. The fact that the hind brain abnormality in 
dreher embryos can be traced until at least 15 1i g.d. (Del, 
1964b) whilst in KMM's material the malformations apparently 
disappeared by 12½ g.d. also supports the hypothesis of 
dissection damage. 
In this study direct comparison of fixed dreher and 
maternal histidinaemia embryos confirmed that the neural 
tube morphology in dreher embryos was a distinctive feature 
which distinguished dr/dr from normal littermates and from 
embryos from his/his mothers from about 23 somites. There was 
no evidence, either from embryo studies or from the inter-
crosses of the drehe.r and histidinaemia stocks, to supp.ort 
the hypothesis that a "mild" allele of dreher might be a 
"susceptibility gene" for histidine-induced teratogenesis. 
The dr allele when heterozygous in the presence of maternal 
histidinaemia had no influence on the incidence or severity 
of induced malformations. Conversely, no alteration in the 
dreher phenotype can be attributed to the siirultarieous 
maternal histidinaemia and in segregating litters both dreher 
and histidinaemic inner ears (arid behaviour to a lesser extent) 
can be distinguished by the greater severity of the dreher 
effects. Thus, there is no evidence for additive interaction 
between the two mutants. Indeed, the occurrence of both inner 
ear phenotypes within the same segregating litter suggests 
an epistatic relationship, with the dreher phenotype masking 
any teratogenic effects of the maternal high histidine 
environment. Such a situation could arise if dreher induced 
abnormalities of greater severity and possibly earlier 
in development than the action of histidinaemia. It would 
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be of interest to see whether a similar relationship 
existed between histidinaemia and other inner ear mutants. 
The absence of a visible neural tube abnormality in 
embryos subjected to maternal histidinaemia and the failure 
of a mutant allele (dr) with known effects on the hind brain 
to increase the incidence of histidine-induced defects 
certainly do not provide evidence to suggest that Deol's 
theory is applicable to the case of histidine-induced 
abnormalities. On the other hand, none of the findings of 
this study can exclude such an explanation or implicate 
an alternative site for the primary lesion. It is notoriously 
difficult to identify all but gross changes in the neural 
tube and acoustic ganglion and it is possible that early 
abnormalities may well exist without producing such visible 
effects. Indeed, in several inner ear mutants there is 
evidence that the neural tube is not normal even though 
visible lesions cannot be detected. These include Nijmegen-
waltzer, waltzer-type and pallid, where behaviour cannot 
be strictly correlated with inner ear abnormalities and may 
originate from a lesion in the-central nervous system, whilst 
in fidget the presence of abnormalities of the eyes as well 
as inner ear and behaviour lesions similarly points towards 
a neural tube abnormality (Deol, 1976). In histidinaemia, 
the behavioural similarities between animals with a variety 
of different inner ear malformations suggest that the two 
phenotypes, are parallel, not causa1effects and this is 
consistent with Deol's theory of the origin of inner ear 
and behavioural abnormalities in mutants. 
The results of the manganese supplementation experiment 
found no role for Mn in the histidinaemia syndrome: i.e. 
the otolith defect in histidinaemia cannot be ascribed to 
localised Mn deficiency in the inner ear. Hence, Erway's 
hypothesis of abnormal. "me lariocyte-mangariese-eflZYlfle" 
interactions during otolith formation (Schrader et al, 1973) 
can be excluded in this case. This is not surprising, nor 
does it in any way negate Erway's theory, which is an explan-
ation of a particular part of the syndrome involving melano-
cyte and otolith defects in the pallid mutant. Indeed, since 
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the melanocyte abnormality may well originate in the 
neural crest, the hypothesis is in no way inconsistent 
with Deol's views of the origin of the phenotype. Never-
theless, the results do lend support to the view that the 
otolith defects in histidinaemia, together with the range 
of othr lesions in the inner ear, result from an early 
interference in otic development which is transmitted via 
the inductive chain to affect a wide variety of later 
derivatives. 
Susceptibility, pene trance and expresSivity 
Maternal histidinaemia, although a necessary condition 
for induction of inner ear and behavioural abnormalities, is 
rtthe only factor involved in the teratogenic effect. 
Genetic differences exist between strains which influence 
embryo susceptibilities to thE effects of high maternal 
histidine levels and abnormalities seem to be induced only 
in the presence of some "pre-disposing" condition. The nature 
of this predisposition remains unclear, although it is 
clearly under genetic control, possibly by only one or a 
few genes. Many factors may affect inductive prOcesses in 
such a way as to adversely affect later development and many, 
apparently trivial, changes in cells or intercellular processes 
could occur without having major effects unless subjected to 
the unfavourable high histidine environment. 
The intercrosses between different strains of mice suggest 
that variation in genetic background may influence the incidence 
and severity of induced abnormalities. These influences 
become manifest as differences in penetrance between inter-
strain crosses. This is not surprising: many phenotypes 
are sensitive to changes in their genetic background. However, 
not all the variability in expressivity seen in adult ears 
and behaviour can, or must, be explained by genetic variation. 
Many "shaker-waltzer" mutants show variability in expressivity, 
ranging from asymmetric abnormalities within an individual 
to a wide range of defects in affected animals within a strain. 
This argues that the behavioural and inner ear phenotypes are 
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far removed from the original lesion and subject to modi-
fication during development. The development of the inner 
ear is governed by a number of factors in a state of 
balance. Should one factor be altered the balance may be 
disturbed and a threshold-type situation may result; with 
the other factors sometimes succeeding in keeping develop-
ment proceeding normally and sometimes not. Within an 
individual the bilateral symmetry of development means 
that abnormal development of one ear need not be mirrored 
by abnormality in the other, although there is normally a 
high correlation between the two. Thus, not all variation 
within a strain necessarily implies genetic differences, 
although the genetic background, with its-complement of 
"modifying genes" must have a limiting effect on the ex-
tent of modification possible. 
Relevance of murine observations to human histidinaemia 
Since murine and human histidinaemia are considered to 
be homologous (Bulfield & Kacser, 1974), both genetically 
and clinically, it remains to consider to what extent the 
teratogenic effects in mice might be related to the poss-
ible mental retardation effect in human histidinaemia. 
Whilst the evidence has often been based on comparatively 
few examples (see Chapter 1), current opinion holds that 
human histidinaemia, both endogenous. and maternal, is . 
probably a benign condition with little or no associated 
mental (or hearing) abnormality. It has been suggested 
(Neville et al., 1971) that this may be due to the lower 
histidine levels in the human disease ("JO x normal). 
This, together with the observation of Small et al. (1970) 
that in rat brain histidine metabolites caused less in-
hibition of serotonin and y-aminobutyric acid synthesis 
than did phenylalanine metabolites, could account for the 
low incidence of mental effects in histidinaemic subjects. 
The absence of a maternal effect might also be due to 
the lower (possibly sub-threshOld) levels of histidine in 
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the human condition although the mouse data (Kacser et al., 
1979b) would indicate a significant level of teratogenesis 
at this histidine concentration. Alternatively, it may 
be that fundamental differences exist in inner ear develop-
ment between rodents and humans, though this seems very 
unlikely given the similarities between many mouse inner 
ear mutants and human pathological conditions (Griineberg, 
1956; Deol, 1968; Steel & Bock, 1983). 
A possibility which must be considered in the light of 
the present findings in the mouse is that the absence of 
maternal effects in humans- is due to lack of genetic sus-
ceptibility to-such effects. If this were the case, the 
human condition would appear to parallel the histidinaemia 
of the EDI strain where there is currently little or no 
endogenous susceptibility to the deleterious effects of 
high maternal histidine levels. Both genetic and environ-
mental (biochemical) backgrounds will contribute to the 
effect of an amino acidopathy such as histidinaemia or PKU. 
In human histidinaemia both low incidence of. genetic 
predisposition and lower endogenous histidine levels may 
cmbine to reduce deleterious neural effects to an insign-
ificant level. With the varying genetic backgrounds of 
human beings it is possible that the occasional co- 
incidence of susceptibility genes and maternal hi s tidinaemia: 
would produce abnormalities; however the absence of test 
matings and selection for high penetrance makes it imposs-
ible to verify this proposition- for man. 
At the outset, this work started with a deceptively 
simple system in which a clearly defined metabolic condition 
produced a clearly defined teratogenic effect on the inner 
ear and behaviour. The genetics of susceptibility to inner 
ear lesions had apparently been worked out whilst the hind 
brain was implicated as the site of the primary lesion. 
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The present investigations have failed to elucidate 
either the site or time of histidine action, have reversed 
and complicated the genetics of susceptibility and 
generally uncovered more problems than have been solved. 
If the complicating factors can be unravelled the system 
could offer much scope for studying abnormal inner ear 
development. The immediate priority must be to uncover 
abnormalities in earlier stages of otic development than 
14½g.d. and possibly determine the site of the primary 
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APPENDIX l(a) 	 t4DRpFPzxE4ErIc-'rYPE MIJThNTS 
Mutant Behaviour Hearing Semicircular canals 
vc 	NC COCHLEA 
ENDO-
ATIC 
)JFRICULUS SACCLJLUS CRISTAE 
DtrF  
Other System and Abnormalities References 
Shaker-short Circling & deaf - 	- 	- - - + + i Sterile Dunn (1934) 
st/st head Shortening or absence of tail Bonnevie (1936) 
shaking 
Kreisler Head deaf - 	- 	- - - - - Neural tube abnormal at early Pool (1964a) 
kr/kr shaking & embryonic stages 
circling 
Fidget head + Rudi- 	Rudi- 	- + + + + - Eye Grdneberg (1943b) 
fl/fl tossing & mantary mantary Cerebellum, skeleton Truslove (1956) 
circling 
Dreher Head deaf - 	- 	- - - - - C.N.S. Increased incidence of Biet1f (1958) 
dr/dr shaking & hydrocephaly at birth. 	Possible Pool (1964b) 
circling white spotting on belly. 
Poirler Circling + uneven 	uneven 	- + + No otoliths No otoliths - Haozygote lethal with hare-lip Lyon (1958) 
out- out- or few or few and cleft palate 
lines 	lines crystals crystals 
zig-zag Zig-zag + + 	+ 	mid-portion + + + + + Lyon (1960) 
movements con- 
stricted or - 
Waltzer-typo Head a- + 	- 	- + + + + !ionozygotes die at 11th g.d. with Stein & Huber (1960) 
Wt/+ shakina & distorted brain, decreased pro- 
circling liferative activity, retardation 
in development and pycnotic de- 
generation of nuclei 
Nijmagen- Horizontal + + 	+ 	con- + + - - - + van ?beelen & van der 
Waltzer & vertical stricted or Kroon (1967) 
nv/nv head - Pool (1974) 
shaking 
Dancer Horizontal + - 	 + 	 - + - - - ia1Ozygotes lethal, bilateral or Pool & Lane (1966) 




Sightless head + - 	- 	- - - - - - Eyes open at birth & slight hydro- Searle (1965) 
tilting & cephaly. 	hhonozygotes lethal at Pool (1976) 
circling birth. 
Pallid Head + + 	+ 	+ + * - - 4 link eyes & pale coat colour Lyon (1951, 	1953) 
tilting 
H 
APPENDIX 1(a) (continued) 
Mutant 	- Behaviour Hearing Semicircular canals 
AVC 	PVC 	IC XHLE ATIC 
ITIRICULUS SACCULUS 
Dr  
crIsTAE Other Systems and Abnormalities References 
+ Light eyes with suited brown coat Lyon & Meredith (1969) 
Muted Head + + 	+ 	+ + + - - colour 
rtIU/fltU tilting 
+ Lyon & Meredith (1965) Unbalanced Head + + 	+ 	+ + + - - 
ub/ub tilting 
Cocked Head Deaf + 	+ 	+ - + - - Kinky tail 
Peterson (1970) 
co/CO tilting 
- Kinky tail. 	Degenerative ab- Deol & Dickie (1967) 
Rotating Circling & + - - 	- + + + normalities of inner ear head 
jerking 
- Syndactylism, faulty ossification GrQneberg (1962) 






? ? ? ? ? Xt/Xt multiple abnormalities - Johnson (1967) suctra-toes ? ? - - 	* polydactylism, hemimalia, oedema, 
abnormal spinal cord, brain,nose, 
eye, ear. 
Xt/+ - polydactylism. 
+ Fmizygotes die at 13g.d. with Auerbach (1954) 
Splotch Normal? + + 	+ 	+ + + + neural tube abnormalities & inner Deol (1966a) 
ear abnormal. 	Spotting in 
heterozygotes 
Tail. 	die in utero with Stein & Rudin (1953) 
Loop-tail Nervous ? - - 	- - - - - neural tube and inner ear ab- Deol (1966a) 
rocking 11oflfl5iities or head 
wobbling 
Kinky head Deaf - 	- 	- - - - - 
Skeleton Deol (1966b) 




?PEI1DIX1 (b) 	Degenerative-Type Mutants 	
+ = normal, - = affected, ? = not known 
ONSEV OF DEZE24ERATICI4  
.itant Behaviour Hearing other Systems and 
References 
Tectorial Memb. Organ of Corti Spiral Vestibular Utriculus Sacculus Cristae 
Ganglion Ganglion __________  Abnormalities 
+ 	 - 	
- Some heterozygotes 	Deol (1954) 







(2nd wk) (4th wk) 	(after sterile. Spotting on 
Waddler & circling 1 month) most of belly & some  
hair cells(-) areas white. 
+ 	 Deal (1954) 
~rker Bead tossing 
& circling 
deaf lost contact 







- 	 + - 
(at birth) 
(.-) 















- - (- 
+ 
Lord & Gates (1929) 





(3rd wk) Deol (1956) 
--1/sh-1 & circling 
C.N.S. 	 Deal 	(1956)  




+ - + 	
+ 
(2nd wk)  
fv movement & normal 
circling 
* 	 alley & Dickie (1945) 
irouette Vertical head deaf Thicker than - 
(2nd wk) 
- 
(4 th wk) 
- 
(12th wk) 
+ 	 - 	 - 
(6 th wk) 	(after 
De )l (1956) 
tossing & normal 8 maths) 
circling 
Deal & Robins (1962) 
,jnner Vertical head deaf Lost contact - - -. 	 + ? 
c/sr shaking & with hair (2nd wk) 
? ? 
- circling cells 	(-) 
+ 	 Del & )(och 	(i8') 






- 	I (after 50 + + 	 - ? 
i/dn 
- cells 	- days) days) days) 
- - 	
-. 	 ? Eye & coat colour 	Lane & Deol (1974) 
cha Head tilting deaf Curled back - ? ? 
Vwh 
+ 	 Deol & Green (1966) 
ell's Jerking & 
circling 
deaf Lost touch 









(after 3 (after 3 
ltzer 
- days) days) days) months) 	months)  ,/sv 
7 - 	 - 	 - ? 	 Deol & Gluecksohn- 
onx "Waltzing deaf 
 
? Waelsch (1979) 
ltzer (at birth) 
(before 6 ? ? 
i/b 
days) 
APPENDIX 2. 	 A2-1 
CAM-J strain crosses (1983) 
Pair Total no. Total no Na. 
no. litters litters animals N Ab 
scored with scored 
...NoAb ...... . 
385 2 0 9 0 9 
436 1 0 5 0 5 
441 4 0 16 0 16 
442 6 0 24 6 18 
450 1 0 2 0 2 
451 1 0 2 0 2 
453 3 0 12 2 10 
454 2 0 9 1 8 
455 3 0 12 0 12 
456 3 0 11 0 11 
458 2 0 5 0 5 
459 1 0 1 0 1 
460 1 0 4 1 3 
467 6 0 27 3 24 
468 6 1 27 2 25 
469 2 0 11 0 11-.. 
471 5 0 20 6 14 
472 5 0 25 7 18 
473 3 0 8 1 7 
474 3 1 12 5 7 
475 1 0 3 2 1 
477. 1 0 2 0 2 
478 1 0 1 0 1 
479 5 0 17 6 11 
480 2 0 6 0 6 
482 1 0 5 0 5 
483 2 0 	. 11 0 11 
484 3 0 20 1 19 
485 1 0 1 0 1 
486 1 0 5 0 5 
487 1 0 3 0 3 
489 3 1 9 5 4 
491 2 0 8 0 8 
492 2 0 3. 0 8 
.493 2 0 	. . 	 9 0. 9. 
88 3 326 	. .. 	. 	 41 285 
87.4% 
EDI strain crosses (1983) 
Pair Total 
no. N Ab 
scored  
445 4 15 15 0 
453 4 16 15 1 
.454 4 14 14 0 
457 2 II 11 0 
458 2 10 9 1 
474 2 .9 9 0 
477 2 II 11 0 
478 2 13 13 0 
479 2 16 16 0 
480. 3 16 16 0 
493 2 12 -12 0 
495 3 15 15.. .0 
32 . 	 158 . 	 .156 	......... 2 1.27% 
RFSILTS OF EDI/C1M-J INTEFCI6SES (his/his x i,4iis) 
Type of - Total no. No. litters- Total no. No No % 
Mating No. litters with NO animals 
scored affected. scored. Normal Affected Affected 
EDIxCAIVI-J 1 EDI 361.8a CAM 118.5p 1 1 4 4 0 0 
4 EDI 365.6b33 CAM 132. 1r3 1 1 5 5 0 0 
18 EDI 394.2d10 CAN 223. 1r3 3 2 10 9 1 10 
19 EDI 394.2e3° . 3 3 12 12 0 0 
26 EDI 389.2a 11 CAM 132.2p 3 1 0 2 1 1 50 
27 EDI 389.2b33 if  2 2 9 . 	9 0 0 
11 9 42 	. 40. . 	2 4.8% 
"B" 3 EDI 361.8d 10  CAM 137. 1r 3 1 14 7 7 
21 EDI 391.2a CAN 166.2q1 2 0 8 1 7 
23 EDI 391.2c3 CAN 201.2r 33 1 0 3 0 3 
24 EDI 394.2c3 CAM 115.10p 2 0 7 3 4 
25 EDI 391.2b1 it  2 1 7 4 3 
38 EDI 458.8b 
11  CAM 442.3q' 4 0 21 2 19 
39 EDI 458.8a1° it  2 0 9 1 8 
41 EDI 474.5a33 CAM 442.1q1 2 1 9 4 . 	5 
18 3 78 22 .56 .71.8% 
A + B group totals 29 12 120 	. .. 	62. 58 	.. 48.3% 
() 
Type 
Total no. No. litters Total no. No. No. % 
litters with NO animals 
mating No. scored affect scored Normal Affected Affected 
CAM-JxEDI 	5 	CAM 447.3a
30 
 EDI 474.5q1 4 4 19 19 0 0% 
"A" 	-H- o 	12 CAM 260.1c 3 EDI 395. 1r3 1 1 3 3 0 
EDI 395 - f-i -c 	P3 	CAM 260.1d1° 1 1 .4 4 0 
6 6 . 	26 26 0 0% Total "A" 
1 0 3 2 1 "B" 	6 	CAM 442.4a " 
3* 	CAM 474.3a EDI 445.9s 10 3 1 13 8 5 
4 * 	CAN 474.3c 3 of  4 0 22 16 6 
++ 	0 	* of  EDI 503.2q3° 2 0 8 4 4 
9 	CAM 450.2a EDI 493.1r3 3 1 13 	. 9 . 	4 	. 
13 2 .59 	. 	. .39 	. 20 	. . . .339% 
A + B group totals 19 8 . 	85 	. 65 20 23.5%. 
* denotes normal behaviour; 	++ o-' 
E/CAM-J F1 IN'IE1C1SSE 
Type of 






















19.1r1° 3 3 '17' 17 :0 - 
'''  "0%" 
Ax B1 6 EDI/tAM 
27.2a1° 
EDI/C1\M 
3.4r3 3 1 13 11 2 








































16 3 66 40 26 39.4% 
1 1 7 7 0 





























4 1 .19. , 	12.7.36.8% 



















CNv/EDI 4 CN4/EDI AM/DI 
F1XF1 5.1a3  5. lq 1O 3 1 7 5 2 
2 CN4/EDI cAN/EDI 
3. lbll 3. 1p3 4 2 16 13 3 
5 9.1a3  9. ]Lq l  1 0 4 0 4 
All crosses 8 1 	3 	1 27 .18 9 33.3% 
EDI/CAM-J F2 INTE1}SES 
- Total no No. litters Total no. - 
Type of litters with NO animals No. No. % 
mating No. ° scored affected scored Normal Affected Affected 
EDI/CAM EDI/CAM F2 EDI/CAM F2 
F2xF 
13 3 10.2a 
10 
10. 2q 3 1 18 12 6 
14 10.2b 11 3 0 12 9 3 
17 11.2c3 74q10 1 1 3 3 0 
18 10.3c 1 11 2 0 15 8 7 
22 16.1c11 16.]p31 2 0 10 8 2 
23 17.Th31 17.].q1° 1 0 5 2 3 
24 18.1a
11 
 18.1q1 1 0 3 0 3 
25 30 19.2a 30' 19.2q . 	3 1 11 7 4 
13 . . 	2..... 59 	. . 	38 . 	21 35.6% all sib x sib 
all crosses 16 3 	. 77 	. .49 .28.... 36.4% 
CAN/EDI CAM/Eb1 CAMIE'D 1 
F2xF2 4 F, 4-..44 Fa414 1 0 1 3 
F 	2. la F2 2.lq 1 0 3 1 2 
2 F2 4. 1a31 F2 4.1q33 1 0 2 


















EDI/CAM IBC x I = INT (I) 
1 	'IBC 8]b1 IBC 7.1p 4 1 16 7 9 
2 8.1c3 if 3 0 14 4 10 
3 9.1c 4.1q3 4 0 23 2 21 
4 20.1a 10 11 1 0 6 1 5 
6 7.2b1 
 11.2p3 3 0 20 7 13 
9 26.2a 26.2q 1 0 5 1 4 
12 26.2b10 1 1 0 1 0 1 
19 44.2a 44.2p 1 0 	- 6 1 5 
20 44.2b 1 1 o 




- Total no. U6. litters—  Itotä[ no. 
No. 
litters with NO 
0 
animals No. No. 
mating - scored affected scored Normal Affected Affected 
EDI/CAM INT(IBC) x INT(IBC) 
EDI/CN4 INT EDI/CAM INT 
1 l.la 3.1r33 1 0 4 1 3 
5 2.2a 2.2s1° 2 1 7 5 2 
6 2.2b33 31 2 0 11 1 10 
7 2.1b1 6.1p3° 3 0 9 1 8 
8 2.1a 2 0 8 3 5 
10 1 ...... 39 1128 718% 
EDI/CAM 3 2BC 3.2a
11 
 2BC 4.2p 1 0 4 0 4 
2BC x 2BC 3.2b33 " 1 0 4 •0 4 
2 ... . 0 - 8 
EDI/CAN. . EDI/CI½M 3BC EDI/CAM 3BC 
3BC x 3BC 4 6.3a1° 
 5.3q 11 3 0 
8 .....
15 2 13 
9 1l.1b 6.4p 1 . 	 3 . 3 
4 18 :2 16  
RESULTS OF EDI/CAM-J BACKCFJSSES ¶10 CAM-J and EDI 
Type of 
Total no. No. litters Total no. No. No. 	% 
mating No. 
litters with NO animals 
scored affed scored Normal Affected Affected 
EDI/ClM 1 B (CAM-J) 
11A"F1 7 EDI/C1M1 .la CAM260.1p'1 2 0 5 2 3 
22 4.4b1  201.5p lox  2 0 5 0 5 
19 4.4a 206.1q33 5 2 28 20 8 
26 27.2b30 261.2s 0 2 0 7 5 2 
27 27.2c 1 11 3 0 13 7 6 
44 18.4b1° 261.1p10° 3 0 20 6 14 
43 18.4a3 212.4q1 * 2 1 12 10 2 
13 27.1a 1 to 7 1 31 14 17 
42 19:3b33 261.2q11 2 0 5 2 3 
29 19.1a 1 11 3 0 13 8 5 
31 	 4 	139 	74 	65 	46.8% 
0 
RESULTS OF EDI/CAM-J BACKCIOSSES '10 CAM-J and EDI (Continued) 
Type of 
















EDI/CAM 1BC (CAM-J) 
12 EDI/C1½M23.1a3 CAM260.1p 1 	. 0 3 1 2 
14 25.1a 212.4q1 * 3 0 12 1 11 
17 3.3a 261.1p 100 3 0 13 6 7 
18 3.3b " 7 1 34 21 13 
20 24.2a3 260.1q33 ' 2 1 9 8 1 
21 24.2b10 1 .0 3 0 3 
f=father 51 41.1b3 f 442.1q10 1 0 5 0 5 
of 
52 39.1 a f 442.3q1 1 0 . 	4 0 4 
19 2 83 37 46 55.4% 
AlL 1BC (CAM) crosses 50 6 222 111 111 50% 
EDI/CAM 1BC (EDI) 
BF 1 55 EDI/CAM41.1b3 ED1496.4r30 2 0 8 5 3 
56 39.1a 3 0 14 6 8 
57 38.1a3° if  1 0 	. 6 4 2 
6 0 28 15 13 46.4% 
(?-mother ofd) Ml EDT 	458.8a'° EDI/CAM39.1p 2 1 7 6 1 
ALL 1BC (EDT) crosses 8 1 35 21 14 40% 
- 
RESULTS OF EDI/CAM-J B2.CKCJOSSES 
Type of Total no. No.litters Total no. 
mating No. o 	 litters with NO animals No. No. 	% 
scored affected scored Normal Affected 	Affected 
CAM/EDI 1EC (EDI) 
f 5 	CAM/EDI4.4a31 EDI445.9s10 	2 2 7 7 0 
4 496.3a31 CAM/EDI5.1q10 1 0 4 1 3 
3 2 11 8 3 	27.3% 
CAM/EDI 1BC (CAM-r) 
1 	CAM/EDI5.1b10 C1M385.5a 	3 	 1 	11 	5 	6 
2 5.1c3 Is 1 0 4 1 3 
	
4 	 1 	15 	6 	9 
2 2 8 8 0 
1 0 1 0 1 
1 0 1 0 1 
4 2 10 8 2 
=iwther ofd' Ml CAM 447.3a3° CAM/EDI5. 1q 10 
M2 
	
474.3a 	3.lp 3 
M4 450.2a 9.3q1 





EDI/CAM-J 2nd backcrosses to CAM-J 
Type of Total no. No. litters Total no. 
mating No. o litters with No animals No. No. % 
scored affected scored Normal Affected Affected 
EDI/CPM 2BC (CAM-J EDI/CAM: 
1BC10.1d10 
CAM: 
1 247.1s'0 4 1 17 9 8 
2 7.1a 11 2 0 6 0 6 
3 0.1a 303.3p30 5 1 17 12 5 
7 4.2c 10 342.1p3° 1 1 1 1 0 
8 4.2b3 to 1 0 4 1 3 
10 7.2a 342.1r33 2 0 6 0 6 
11 13.1a33 11 2 0 9 0 9 
26 13.2c3 303.3p3° 2 0 10 0 10 
28 13.3.C33 303.4p3 6 0 38 14 24 
29 13.3a3° of 5 0 26 8 18 
30 29.1a3° 243.4q1 1 0 6 0 6 
32 20.2c3° 334.3r 2 0 9 3 6 
33 20.2b1° H 1 0 2 0 2 
35 19.2a1  261.2s 3 0 20 1 19 
36 13.4.b33 303.2r3 2 0 12 4 8 
37 18.3a 261.2q1 2 1 11 9 2 
40 33.2d33 358.4r30 2 0 12 1 11 
41 33.2c1 Is 2 1 3 1 2 
44 39.3a 260.1q33 2 0 10 6 4 
45 33.3a3° if  2 0 5 0 5 
47 43.1b3 303.8p 2 0 9 3 6 
50 45.2a 429.2r10 ) 2 0 9 0 9 
+474.1r3 	' 
51 46.2c 3 3 0 11 0 11 
56 5 253 73 180 71.1% 
1 1 4 4 0 2Bc(EDI) 54 ED1496.6¼e' 0 EDI/CAM 1BC55.1 3 1 
55 496.6c 3 56.1q11  3 3 12 12 0 
(0%) 4 4 16 16 0 
(JJ 
EDI/CAM-J 3rd backcross to CAM-J 
Type of 














EDI/CAIVI 3BC (CAM-J) EDI/CAM 2BC CAM 
5 1.2c3 310.1p11 2 0 10 0 10 
6 10.1a 10 243.4q1 5 0 18 0 18 
11 3.3a31 303.10p11 2 0 8 1 7 
15 28.3d10 442.1r3° 3 0 20 4 16 
16 41.2b33 " 1 0 5 0 5 
17 28.3a 442.1q10 7 0 22 0 22 
18 28.3b 1 go 3 0 13 0 13 
94.8% 23 0 96 5 91 
- 
APPENDIX 3. RESULTS OF HISPIDINPH4IA x DREHER CROSSES 
	
Nos. in brackets = no. with white spotting 
Type of - Total No. 	- 
litters litters Animals Mating 	and No. o 
scored with 0 scored N Ab % Ab 
Ab 
his/his +1+ dr/dr 
BDr 1 EDI 419.1a Dr 12.2u
11  3 2 17 16 1 	(0) 
2 EDI 419.lb'3 2 1 11 10 1 	(0) 
3 EDI 419.1e 30 3 3 18 18 0 
4 EDI 419.2a10 3 1 18 16 2(0) 
7 64 60 4 6.25% 
BDr 	F1 	F1 his+ dr+ his+ 	dr+ 
1 BDr 41b1 BDr 4.1s10 4 1 18 14 4 	(2) 
2 to 	4.1a UIf 4 2 19 17 2 	(1) 
3 to 	3.2c3 " 	4.1t30 3 0 24 17 7 	(4) 
4 3.2b 1 " 	of  4 1 22 18 4 	(3) 
5 U 	3.2a " 	4 1q1 4 1 18 13 5 	(3) 
6 i.Th " 	if  2 2 7 7 0 	(0) 
7 " 	1.1c 33 " 	1.1q' 2 0 12 8 4 	(2) 
8 " 	1.1a 30 41 3 2 20 18 2 	(1) 
10 " 	4.2a 4 ir 3 0 16 13(1) 3 	(1) 
11 4.2c 30 " 	4.1p 3 0 14 10 4 	(2) 
12 1.2b1° t o 2 2 11 11 0 	(0) 
APPENDIX 3. RESULTS OF HISIDINAEMIA x DREHER CROSSES (Continued) 	Nos. in brackets = no. with white spotting 
Type of — Total No. 	— 
litters litters 1nixnals Mating 	and No. d 
scored with C) scored N Ab % Ab 
Ab  
BDr F1x F1 his +dr+ his+ dr+ 
13 BDr 1.2a3 BDr 1.lp 3 3 9 9 0(0) 
14 " 	1.2c30 of 	II 2 2 5 5 0(0) 
15 " 	1.2d11 " 	3.3p 5 0 26 18 8(5) 
16 " 	1.2e33 " U 5 4 23 22 1(1) 
17 2.2a33 " 	4.1r 3 0 19 14 5(2) 
18 " 	4.3c3 ' 	1.2q 7 3 39 34 5(2) 
19 ' 	4.3d1° It 8 3 32 26 6(2) 
20 " 	4.3b1 1.2p31 3 2 15 12 3(3) 
21 " 	3.4c33  " 1 0 5 3 2(0) 
22 " 	3.4a30 " 	4.2p 2 0 9 7 2(0) 
23 " 	3.4d31 " 	" 1 0 6 4 2(0) 
24 " 	3.4b11 4.2g10 3 2 13 12 1(1) 
25 ' 	2.3a33 U 	4.3p 8 3 42 31 11(6) 
85 33 424 343(1) 81(41) 19.1% 
APPENDIX 3. RESULTS OF HISPIDINAEMI1 x DREHER CROSSES (Continued) 	Nos. in brackets = no. with white spotting 
Type of - Total No. 	- 
litters litters Animals Mating 	and No. 
scored with 0 scored N Ab % Ab 
Ab 
x F BDr 	F 2 	2 BDr F 	his/his 2 -- BDr F2dr/dr 
-~hi-PiisJ of 
2 BDr F2 7.1b1 BDr F2 5.3p 3 0 14 5 9(1) 
3 4.2c3 of tI 3 3 13 13 0(0) 
4 " 	 4.2a3° It3.2q1 1 0 •6 3 3(3) 
5 " 	 1.3b 3 11 1 0 4 0 4(1) 
6 " 	 ll.1d3 to 1 1 1 1 0(0) 
7 " 	 21.1a " 	 23.1r33 3 1 11 8 3(0) 
8 " 	 11.2b 11 11 4 2 13 11 2(l) 
9 " 	 3. 4c 3  11 3p1 3 1 16 14 2 (0) 
11 " 	 19.2c 3  1.4q 2 1 5 2 3 (3) 
12 8.3b 13  2 0 8 5 3 (3) 
14 " 	 18.6b1  " 	 20 1q1 2 0 10 8 2(0) 
15 " 	 16.6d 30  5.3p 2 2 10 10 0(0) 
16 " 	 25.3d33 3 1 19 16 3(0) 
30 12 130 96 34 (12) 26.1% 
APPENDIX 3. RESULTS OF HISTIDIW\EMIA x DREHER CROSSES (Continued) 	Nos. in brackets = no. with white spotting 
Type of - Total No. 	- 
litters litters Animals Mating 	and No. Cr 
scored with 0 scored N 7th % Pb 
Ab 
BDr F3 	F3 BDr F4/his BDr F 3 /his 
1 BDr F3 5.3c3 BDr F3 3.3p 4 1 16 3 13(4) 
2 " 	5.3b1 11 2 0 8 2 6(1) 
3 ss 3.3a ° " 	3.3q' 2 0 7 2 5(1) 
4 " 	3.3b31 2 0 9 2 7(6) 
10 1 40 9 31(13) 77.5% 
BDr F 4  x F4 
BDr F4his/his BDr F4his/his 
2 BDr F4 2.5b1 BDr F4 2.5q10 3 0 12 0 12(0) 
(100%) 
APPENDIX 3. RESULTS OF HISPIDIN1EMIA x DREHER CROSSES (Continued) 	Nos. in brackets = no. with white spotting 
Type of - Total No. 	- 
litters litters Animals Mating 	and No. Cr 
scored with 0 scored N Ab % Ab 
Ab  
BDr TC his/his dr/dr 
(EDI x F2 ) 1 EDI 480.7c3 BDr F2. 4.1p11 3 3 9 9 0(0) 
2 EDI 453.9c31 2 2 11 11 0(0) 
3 " 	457.7a " 	11.3p 1 1 1 3 3 0(0) 
4 " 	457.7b 1 it 2 1 13 12 1(0) 
7 419.1b31 U 	5.3p 1 1 5 5 0(0) 
9his/his41?) 5 BDr F2 71b1  * EDI 	474.6s33 2 2 8 8 0(0) 
6 EDI 	474.5a33 11 BDr F2 	4.1p 2 2 10 10 0(0) 
13 12 59 58 1 1.69% 
BDr 3BC EDI his/his BDr F4 his/his 
1 EDI 513.1f31 BDr F4 	4.3r31 1 0 1 0 1(0) 
2 " 	510.2e3° If 1 1 5 4 1(0) 
3 " 	511.1d33 1.4q 1 1 1 5 5 0(0) 
3 2 11 9 2(0) (18.2%) 
U' 
APPENDIX 3. RESULTS OF HISIDINAENIA x DREHER CROSSES (Continued) 	Nos. in brackets = no. with white spotting 
Type of - Total No. 	- 
litters litters Animals Mating 	and No. T Cr 
scored with 0 scored N Ab % Ab 
Ab 
Mr CAM his/his BDr F2 
5 CAM 442.2a BDr F2 4.lp* 2 0 11 4 7(0) 
17 0 " 	F2 20.3p 1 1 3 3 0(0) 
6 CAM 442.2c3 to F2 41p* 2 0 14 0 14(0) 
9 to 7.2q
11  3 0 13 2 11(0) 
7 CAM 449.3b11 '5 	4.1p 2 0 6 0 6(0) 
8 " 	474.3g 33 55 	 5' 	* 0 6 0 6(0) 
10 " 	450.2c3 8.2s1° 1 0 4 0 4(0) 
11 " 	441.4a " 	8.2q1 1 0 4 2 2(0) 
12 " 	447.3a30 " 15.1r 1 3 2 9 7 2(0) 
7A 450.2a " 	11.2q 3 4 0 10 0 10(0) 
14 " 	456.3a' " 20.1q1 1 0 3 1 2(0) 
20 " 	458.2b1 " 	18.4p31 1 1 3 3 0(0) 
2 " 385.4a " 4.4q 1 0 3 0 3(0) 
16 " 	453.4a31  24.216 11 3 0 14 6 8(0) 
26 4 103 28 75 72.8% 
APPENDIX 4. RESULTS OF CAM-J x C57BL/6 CROSSES 
Type of - Total No: - 
mating 	and No. Cr litters litters Animals 
scored with 0 scored N Ab % Ab 
Ab  
C57BL/6 x CAM-C ++ his/his 
(C57/CAM) 1 C57BL/6 80.3b 1 CAM 	358.4r3° 3 3 13 13 0 
2 82.4c33 H 3 3 18 18 0 
3 U 474.1s10 4 4 16 16 0 
5 91.2a3° 526.2p30 2 2 9 9 0 
12 12 56 56 0 0% 
CAM-J x C57BL/6 his/his ++ 
(CAM/C57) 7 CAM 	385.4a C57BL/6 89.1p 3 2 12 11 1 
8 453.a31 3 1 16 14 2 
6 3 28 25 3 10.7% 
APPENDIX 4. RESULTS OF CAM-J x C57BL/6 CROSSES (Continued) 
Type of Total No: - - 
mating 	and No. Cr litters litters Animals 
scored with 0 scored N Ab % Ab 
Ab  
C57/CAM F 1x F 1 his+ his+ 
1 C57/CAM 	1.1a C57/CN41.1p 8 8 48 48 0 
2 3.1a11 3.1q 4 4 15 15 0 
3 3.3a13 to 2 2 13 13 0 
4 5.1a 5.1p1 4 4 19 19 0 
5 5.1d33 3 3 12 12 0 
21 21 107 107 0 0% 
CAM/C57 F1 x F1 his+ his+ 
1 CAM/C57 	7.2a30 CAM/C57 7.1s
10  3 3 14 14 0 
2 7.1b3 It 6 6 25 25 0 
3 7.1c '° to 5 5 26 26 0 
4 8.1 b1 8.1q1 3 3 15 15 0 
5 8.].d10 2 2 10 10 0 
19 19 90 90 0 0% 
I'.) 
APPENDIX 4. RESULTS OF CAM-J x C57BL/6 crosses (Continued) 
Type of - Total No:  
litters litters Animals mating 	and No. 9 Cr 
scored with 0 scored N Ab % 14b 
Ab  
C57/CAM F 2  x F2 his/his his/his 
1 F2 	1.1a F2 	1.2t 33 5 1 15 3 12 
2 1.3d33 It 2 0 5 1 4 
7 1 20 4 16 75% 
4? 3 
4 F1 	1.7a F1 	1.7p1 1 1 3 3 0 
1.7b1 2 2 9 9 0 
3 3 12 12 0 0% 
CAM/C57 F2x F2 - his/his his/h-is 
1 F 	1.1a 	0 F 	1.1r31 3 2 13 10 3 
7 F2 	5. la: F 5.2q 2 0 7 4 3 
5 2 20 14 6 30% 
his/his +1? 
3 F2 	5.1a 	( F2 	5.1r3 2 1 5 3 2 
4 2.5a3 2.5p3 3 3 10 10 0 
6 1.1a 	o 1.2p10 2 0 12 5 7 
8 4.1a 4.1g3 2 1 11 10 1 	1 
9 5 38 28 10 26.3% 
All crosses   14 7 58 42 16 27.6% 
APPENDIX 4. RESULTS OF CAM-J x C57BL/6 CROSSES (Continued) 
Type of Total No: - - 
mating 	and No. d' litters litters Animals 
scored with 0 scored N Ab % Ab 
Ab  
C57/CAM F 3  x F3 his/his 
F3 	1.7a3 
his/his 
F3 	1.6q1 2 0 12 0 12 (100%) 
CAM/C57 F 3  x F3 his/his 
F3 	l.la 
his/his 
F3 	1.1r3 2 0 9 3 6 (67%) 
C57/CAM ++ 
1 F2 	1.5a1 C57BL/6 87.2q 1 4 1 11 7 4 
2 1.6b10 87.2g1 1 1 5 4 1 
5 2 16 11 5 (31.3%) 
C57/CAM/Dr his/his +? dr/dr 
1 F2 	1.4d F2 25.1s1° 3 0 12 8 4 
2 1.5d H 4 0 15 3 12 
7 0 27 11 16 59.3% 
APPENDIX 5. 	Behaviour and inner ear abnormalities 
Behaviour Thtal no.animals
scored 
canals cochlea ampullae crus commune utrIc1eccule 
lAb 	2Ab lAb 	2Ab lAb 	2Ab lAb 	2Ab lAb 	2Ab lAb 	2Ab 
Hearing,normal 295 23 6 30 5 34 5 33 8 76 25 69 21 
(9.8%) (11.9%) (13.2%) (13.9%) (34.2%) (30.5%) 
Deaf, normal 14 4 6 4 8 5 6 4 6 4 9 2 11 
(71.4%) (85.7) (78.6%) (71.4%) (92.9%) (92.9%) 
Hearing, leaning 50 9 16 13 20 16 20 15 21 15 33 15 30 
(50%) (66%) (72%) (72%) (96%) (90%) 
Deaf, leaning 101 29 58 24 71 27 67 29 67 9 90 10 86 
(86.1%) (94.1%) (93.1%) (95%) (98%) (95%) 
Deaf, circling 5 1 4 1 4 2 3 1 4 2 3 1 3 
(100%) (100%) (100%) (100%) (100%) (80%) 
Hearing,leaning 12 0 12 6 5 2 9 2 10 2 10 1 11 
circling (100%) (91.7%) (91.7%) (100%) (100%) (100%) 
Deaf,leaning, 145 10 	133 14 128 6 139 5 139 6 135 8 136 
circling (98.6%) (97.9%) (100%) (99.3%) (97.2%) (99.3%) 
* Otoliths can be lost during whole mount preparation. In the tables in Chapter 5 ears lacking otoliths were 
classed as Ab only if other structures were also affected. 
N.B. No attempt has been made to classify according to severity of abnormality. Hearing animals tended to have 
only mild Ab in the cochlea. The method of scoring behaviour can also give rise to mis-classification. 
Nos. in parentheses are % of animals with abnormalities in one or both ears. 
A6.l 
APPENDIX 6. 	Theory of loading tests 
(acknowledgements to H. Kacser) 
Steady state rate of conversion of histidine to uro- 
canic acid:- 
V /KH HIS-  URO/KE ) 
F = 1m/K + 
where KE = equilibrium constant = U ROE /HIS  E 
F = flux 
iiT,uo = steady state concentrations of HIS and URO. 
• Since Vmax depends on [enzyme], whilst Km  is unaltered:- 
If VmaX/K 	= 100 for +1+ 
then V/K = 50 for his/+ 
Neglecting the saturation terms in the denominator (which 
are likely to be small cf. 1 in the in vivo situation) the 
equation simplifies to:- 
F 1 = 100 	 - 0+/+/KE) 
F 	 50 (HIS 	 /+ - 	
/K 
his/+ E 
By observation, we find, F+/+ = F/+ and HIS +/+ Cc HIS his/+ 
This can be true only if the difference term consists 
of 2 numbers of similar magnitudes, e.g.:- 
(100-99) 	= 1 
his/+ (100.5-98.5) = 2 
This is probably the reason for the near identity of 
the observed HIS values in both genotypes. 
A6.2 
It is known also that K  is very small (i.e. highly 
"irreversible"). Furthermore, URO in blood is very small 
compared to 1ff. 
the term tY/KE = small/small numbers 
it can be nearly as large as 
Since URO is efficiently removed by urocanase and sub-
sequent enzymes, loading with substrate may result in HIS/ 
URO ratio becoming very much larger. Simultaneously the 
- H 
saturation term HIS/Km becomes important:- 
V /KH xHIS  max m .. F 
(neglecting the URO terms since ff5/KE, i35/K 
and 1 all became very small cf. 
• F = Vmax. i.e. sensitivity coefficient = 1. 
In such a situation, where flux is dependent upon Vmax 
the heterozygote would be expected to "clear" at ½ the +/+ 
rate. 
In actual fact this condition may not be achieved in 
any particular case, either because the disequilibrium is 
not very high or because saturation is not high enough (in 
which case 6/KE etc. cannot be disregarded in the flux 
equations. A third reason for deviation would be metabolism 
of the substrate by alternative pathways. In such cases 
the clearances in the two genotypes may not be very different 
from each other. 
